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Abstract 
Rising atmospheric CO2 may impact on host and pathogen interactions to the benefit 
or detriment of crop productivity. The wheat disease Fusarium crown rot (FCR), 
caused by the pathogen Fusarium pseudograminearum, is predicted to increase in 
incidence with rising CO2 due to changes in wheat resistance. Fusarium spp. 
regularly reduce the quantity and quality of wheat yields around the globe. Reported 
here are a collection of studies which show FCR incidence and susceptibility in wheat 
plants is likely to increase in a future with higher atmospheric [CO2] and warmer 
temperatures. FCR incidence was significantly influenced by e[CO2] in all three 
experiments. FCR incidence was higher in elevated CO2 (e[CO2]) treatments within 
the glasshouse. Warmer temperatures in combination with e[CO2] caused an 
increased FCR incidence earlier in the host growth stages. FCR incidence was also 
higher on mature plants grown in e[CO2] treatments of the warmer 2011 season field 
study at the Australian Grains Free-Air Carbon-dioxide Enrichment (AGFACE) facility. 
The cooler and wetter season, 2010, showed lower FCR incidence on mature plants 
in the e[CO2] treatments compared to ambient (a[CO2]). These changes in FCR 
incidence under e[CO2], in the glasshouse and AGFACE, were dependent on host 
genotype. Indicating FCR incidence mitigation in future e[CO2] climates might be 
possible through genotype selection and breeding programs. Higher FCR 
susceptibility under e[CO2] may have contributed to the observed increase in FCR 
incidence. Plants grown under e[CO2] at both sampling stages in the 2011 AGFACE 
season and soft dough of the 2010 season showed an increased FCR susceptibility. 
White-head incidence, a FCR symptom, was also shown to increase under elevated 
[CO2] in the continuous cropping experiment which was undertaken in a controlled 
environment facility (CEF).  
  
FCR severity may also increase in future climates with e[CO2]. Elevated [CO2] was 
shown to increase FCR severity in both warm and cool temperature glasshouse 
environments, compared to a[CO2] with cool temperatures. In the e[CO2] treatment 
with cool temperatures FCR severity increased at a faster rate between sampling 
stages: node development, anthesis, soft dough and crop maturity. In the field FCR 
severity only significantly increased in e[CO2] treatments when compared to the 
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changes in relative Fusarium biomass, which was described as an increase in FCR 
susceptibility or lower FCR resistance.  
 
Cropping areas practicing minimum till will be more likely to accumulate FCR 
inoculum under e[CO2] through a greater quantity of infected crop debris at the end of 
a cropping season. Relative Fusarium biomass increased faster between sampling 
stages in the e[CO2] with cool temperature glasshouse environments and showed 
greater colonisation compared to the other environments at soft dough and crop 
maturity. Temperature induced FCR resistance may have been the reason for stalled 
relative Fusarium biomass increases between anthesis and soft dough sampling 
stages in the e[CO2] warm temperature glasshouse environment. Despite this relative 
Fusarium biomass was still greater on mature plants in e[CO2] with warm 
temperatures compared with the a[CO2] with cool temperature environment. 
Increased relative Fusarium biomass under e[CO2] treatments in the glasshouse was 
dependent on the growing temperature and sampling stage. Stubble management to 
reduce FCR inoculum will remain important between seasons. Zero till farming under 
e[CO2] will be likely to lead to an increased incidence of white heads over successive 
cropping cycles for susceptible wheat cultivars as seen with Tamaroi in the CEF. 
Partially resistant genotype 2-49, however did not show the same increased white 
head incidence. Continuous cropping increased pathogen aggressiveness and 
species diversity by favouring highly pathogenic Fusarium species F. 
pseudograminearum and F. culmorum after five continuous cropping cycles, 
regardless of CO2 treatment. 
 
The trichothecene mycotoxin deoxynivalenol (DON) was found to increase in FCR 
infected plants grown under e[CO2]. DON contaminated straw will likely become 
more problematic in the future if warmer growing temperatures with rising [CO2] 
promote DON production, as was shown in the warmer 2011 AGFACE season. 
Fusarium toxigenic potential in the stem (DON normalised to the quantity of relative 
Fusarium biomass) was higher at crop maturity in the e[CO2] treatments of the 2011 
AGFACE season as well as the CEF continuous cropping experiment. In the 2010 
season however, toxigenic potential was lower under e[CO2]. Grain samples from 
e[CO2] treatments in the CEF showed lower DON concentrations compared to 
a[CO2]. Limiting DON contamination in the stem might be possible through choice of 
cultivar; toxigenic potential was dependent on genotype, as well as sampling stage 
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and season. Seasonal and e[CO2] effects on mycotoxins need further study. The 
experiments reported here regularly showed an e[CO2] and seasonal, or 
temperature, interactive effect on crown rot development and DON toxigenic 
potential. 
 
FCR resistance, susceptibility and crown rot induced crop losses through lower grain 
weight, were dependent on host genotype. On average genotype L2-120, 2-49, and 
Sunco showed the highest resistance to FCR while Tamaroi, Janz and Wyalkatchem 
showed the lowest resistance. Overall, increasing atmospheric [CO2] is likely to lead 
to a greater build-up of FCR inoculum in wheat, encouraging an increased disease 
incidence in susceptible varieties of wheat. With greater FCR incidence and 
subsequent changes to toxin production is likely to boost DON in plant stems. From 
this research it is likely that e[CO2] will lower crop productivity where FCR is present 
and negatively impact on the quantity and quality of future crop yields. The 
consequences of these changes may be mitigated through crop breeding programs 
with the purpose of developing wheat varieties with improved FCR resistance, FCR 
tolerance and the ability to detoxify DON mycotoxin. 
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Chapter 1:  Review of Literature 
 
1.1  Introduction 
Atmospheric CO2 of anthropogenic origin has increased in concentration from 280 
ppm in pre-industrial times to 400 ppm in 2015 (Tans and Keeling, 2015). This rate of 
increase calculates to around 6.7 ppm per decade, however from 1995 to 2005 the 
atmospheric carbon dioxide concentration ([CO2]) has increased by 19 ppm and this 
rate is expected to increase if CO2 emissions are unabated (IPCC, 2007). 
Atmospheric [CO2] and other radiatively active gases such as methane, ozone, 
nitrous-oxide and halocarbons, cause a phenomenon known as the greenhouse 
effect. The greenhouse effect is an imbalance in the energy received from the sun by 
solar radiation and the energy emitted in return to the solar system in the form of 
infrared radiation. Greenhouse gases block emissions of infrared energy from the 
earth causing a build-up of thermal radiation in the atmosphere. This imbalance in 
favour of accepting infrared energy is defined as positive radiative forcing or global 
warming (Royal Society, 2010) 
 
Depending on the future rate of atmospheric [CO2] increase, the International Panel 
on Climate Change (IPCC) (IPCC, 2013) estimate a likely global decadal mean 
temperature increase of between 0.3°C – 4.8°C by 2081 - 2100 when compared to 
the 1986 – 2005 decadal mean. These temperature predictions account for feedback 
loops that contribute to positive radiative forcing such as atmospheric water vapour 
and a reduction in polar ice (IPCC, 2007, Royal Society, 2010). Feedback loops and 
changes to established weather patterns increase the variability of global warming 
predictions, especially on a localised climate scale. Areas of North America are 
predicted to be within the upper range of mean temperature increases, 3.5 to 4.5°C 
by 2099, and areas of South America and southern Australia are predicted to be at 
the lower end of mean temperature increases, in the range of 2.5 to 3.2 °C 
(Christensen and Hewitson, 2007).  
 
Higher mean temperatures are associated with climate shifts which are expected to 
alter the regularity of existing annual rainfall events making extreme weather events 
more likely to increase in frequency and intensity (IPCC, 2013, Rosenzweig et al., 
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2001). For example, a recent report by the IPCC (2013) discusses predictions that 
areas of Australia, Europe, and Asia are likely to experience more frequent heat 
waves, high intensity precipitation events and more severe drought. Ultimately these 
changes are predicted to decrease the global mean soil water content, leading to an 
overall increase in arid areas (Dai, 2013). Concerns among the international 
community are focused on the constraints that extreme weather events will have on 
agriculture and how this might impact rising global food price (FAO, 2011). 
 
Identifying impacts on future food security has been recognised as one of the main 
challenges for future agriculture innovation (Gregory et al., 2009, Chakraborty and 
Newton, 2011, Luck et al., 2011, Magan et al., 2011, Porter et al., 2014, Sundström 
et al., 2014). Lower latitude areas, such as areas of Sub-Saharan Africa, are 
foreseen as facing greater problems with food security due to climate change 
associated extremes (Chakraborty and Newton, 2011, Fitt et al., 2011, IFAD, 2010, 
Nicol et al., 2007, Parry et al., 2007, Shaw and Osborne, 2011). By 2050 the FAO 
estimates a global population increase of 3 billion people will increase food demand 
and consequently inflate world food prices (FAO, 2011). In 2007 a spike in food 
prices resulted in riots and political instability in countries like Haiti, Bangladesh and 
Egypt (CNN, 2008, Wheat Exports Australia, 2009, FAO, 2011). Consequently it is 
apparent that population increase is not the only pressure on food resources. Land 
required for biofuel crops in addition to suburban residential areas is also 
encroaching upon food cropping areas (Fitt et al., 2011, IFAD, 2010, Magan et al., 
2011).  
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The migration of cropping areas as a result of climate change is estimated to 
decrease global arable land on average by 8 - 20% (Chakraborty and Newton, 2011). 
Ortiz, et al. (2008) predict suitable growing areas in northern Europe will increase on 
average under a warmer climate. Currently minimum temperatures limit cereal crop 
yields due to frost damage northward of 55° latitude; by 2050 increases in 
temperature minima would favour cereal cropping extending into areas up to 65° 
north (Chapman et al., 2012, Ortiz et al., 2008). 
 
International Wheat and Maize Improvement Centre (CYMMIT) has produced climate 
categories to describe the suitability for growing wheat according to abiotic and biotic 
constraints. These climate categories are called mega-environments (ME) (Ortiz et 
al., 2008). The plains of the Indo-Ganges and the Nile valley which account for 
around 15% of global wheat production are currently classified as ME one, which is 
defined as a temperate climate with optimal growing conditions for wheat. By 2050 
however, just over 50% of this area is predicted to be reclassified to ME five, which is 
characterised as having lower yields. Such yield reductions are described as 
occurring due to more frequent temperature extremes and humidity conducive for 
necrotrophic fungi, such as Bipolaris sorokiniana, the causal agent of 
Helminthosporium leaf blight. If a suitable adaptation strategy using novel wheat 
germplasm cannot be produced for this ME, the substantial reliant human population 
of the region is likely to suffer (Ortiz et al., 2008).  
 
Abiotic factors associated with climate change such as temperature, moisture and 
[CO2] can affect plant susceptibility to biotic constraints such as pathogens, weeds 
and insects (Craufurd and Wheeler, 2009, Manning and Vontiedemann, 1995, Smith 
and Almaraz, 2004, Sturrock et al., 2011). Plant pathogens are highly responsive to 
environmental variability and likely to be early indicators of climate change (Gregory 
et al., 2009, Scherm et al., 2000). Crop loss from plant pathogens is one of the 
concerns which is likely to reduce future food security (Parry et al., 2007). On 
average plant pathogens cause between 10 – 16% of crop losses globally, with an 
economic value of approximately 220 billion USD per annum, and additional post-
harvest damage losses of 6-12% (Chakraborty and Newton, 2011). In some countries 
declining investment in plant protection can be attributed to crop losses of up to 50% 
(IFAD, 2010, Nicol et al., 2007).  
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Disease development is reliant on three factors: the presence and virulence of a 
pathogen, a susceptible host and a conducive environment. These three factors are 
referred to as key elements in the disease triangle. As one component of the disease 
triangle changes the degree of disease severity, incidence or fecundity is altered as 
well (Agrios, 2004).  
 
Global food security is reliant on yields from staple crops such as wheat, rice and 
maize. These crops can become compromised in quality as well as quantity during 
pre-harvest and post-harvest production (Dodds and Rathjen, 2010, Magan et al., 
2011). Wheat is one of the most important staple crops worldwide and if production is 
to meet the increase in global demand over the next 25 years, global mean yields are 
needed to increase between 2.6 – 3.5 tons per ha-1 (Oerke, 2006). Current mean 
global wheat yields are estimated at 2.7 tons per ha-1, Ireland produces some of the 
highest yields at 8.5 tons per ha-1, in comparison with typical subsistence agriculture 
systems where yields are as low as 0.5 tons per ha-1. Low yielding areas may provide 
the potential for improving food security if plant protection strategies were suitably 
adopted (Oerke, 2006).  
 
There is uncertainty in the current knowledge of how the many crop pathogens will 
respond as a consequence of climate change. This uncertainty may lead growers to 
an increased reliance on crop protection strategies if crop pathogens respond 
undesirably. Among the developed countries this will probably lead to an increased 
reliance on fungicides (Fitt et al., 2011, Juroszek and von Tiedemann, 2011). 
Juroszek and von Tiedemann (2011) postulated that the efficacy of some pesticides 
will be compromised by factors such as higher temperatures, precipitation patterns 
and changed physiology of the host and of the pathogen. Pathogens can evolve 
fungicide resistance rapidly due to the severe selection pressure they exert. 
Therefore, a need exists for net primary production losses to be mitigated by plant 
resistance and farm management strategies over the long term (Berry et al., 2010, 
Fitt et al., 2011). Over the period of 2001- 2003 Oerke (2006) showed yield losses 
from weeds can outweigh yield losses from plant pathogens. However, the efficacy of 
weed control measures are much higher (~75%) than the efficacy of insect or 
pathogen control (~35%), and soil-borne pathogens are amongst the most difficult to 
treat chemically (Oerke, 2006).  
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Many reviews have presented the importance of increasing the baseline knowledge 
of plant pathogens under climate change (Coakley et al., 1999, Pangga et al., 2011, 
Scherm et al., 2000). Research focused in this area has drawn increased attention, 
but still lacks the validity of empirical evidence (Chakraborty, 2013, Chakraborty and 
Newton, 2011, Shaw, 2009). This review of literature is aimed at covering what is 
known of how plants and the pathogens to which they are susceptible, respond to 
individual elements of climate change, e[CO2] and warmer temperatures, as well as 
their interactions under predicted future climate scenarios. Specific focus will be 
given to wheat and Fusarium crown rot (FCR), one of the major diseases which it 
affects.  
 
 
1.2  Response of plant physiology to increasing CO2  
The main contributing factor to climate change, atmospheric [CO2], increases the 
ability of C3 plants to fix more carbon thereby increasing carbohydrate stores, crop 
yield and plant biomass (Bender et al., 1999, Ma et al., 2005, Wang et al., 2009, 
Wang and Taub, 2010). This phenomenon is referred to as a “fertilisation effect” and 
augments photosynthetic efficiency by decreased stomatal conductance and 
transpiration (Abbad et al., 2004, Chakraborty and Newton, 2011, Li et al., 2000, Li et 
al., 2004, Wall et al., 2006).  
 
Wheat grown in open top chambers (OTC) at multiple field trial sites across Europe 
showed a 35% increase in yield and a significant increase in above ground biomass 
when treated with double ambient [CO2]. Additional variables of nitrogen, water and 
temperature were studied for their interaction. While each treatment individually had 
a significant effect, the treatments were not significant in their interaction with 
elevated [CO2] (e[CO2]) (Bender et al., 1999). Bender et al. (1999) postulates that the 
fertilisation effect of e[CO2] is additive and overshadows the interactions with respect 
to environmental factors. Wheat grown in a free-air carbon-dioxide enrichment facility 
(FACE) in Horsham, Australia, showed a similar response to e[CO2] (550 ppm) in the 
field where grain yield, measured by harvest index, showed increases of around 26% 
(O'Leary et al., 2014). In these experiments, the plant biomass at stem elongation 
and anthesis was 21% and 23% higher, respectively, under e[CO2]. Leaf area index 
also increased by 21% and 26% at anthesis and crop maturity, respectively. 
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Bencze et al. (2004) in a controlled environment facility (CEF) also showed an 
aboveground wheat biomass increase at e[CO2] (750ppm), compared with ambient 
[CO2] (a[CO2]) (375ppm). This increase was mainly attributed to a stem weight 
increase between 31% - 67%; a 19% reduction in spike sterility was also shown to 
increase yield in the e[CO2] treatment. During a vegetative wheat growth experiment 
by Ziska et al. (2004) biomass assimilation increased at e[CO2], however the ratio of 
leaf mass to leaf area decreased.  
 
The relative yield performance of commercial wheat cultivars used over the last 
century indicated the more recently developed cultivars showed the least gain in 
yields when grown at e[CO2]. The quality of grain yield also showed large losses in 
percentage of grain protein compared to cultivars released earlier in the 1900s 
(Ziska, et al., 2004). This has raised concerns for the adaptability of more recent high 
performance wheat cultivars at e[CO2]. Grain quality has been reviewed as an 
important problem under e[CO2] (Chakraborty and Newton, 2011). Hogy et al. (2009) 
and Fernando et al. (2014) have confirmed the results produced by Ziska et al. 
(2004) in a field to air carbon dioxide enrichment (FACE) experiment. In these studies 
quantitative and qualitative grain measurements were analysed. The measurements 
showed an increase in wheat grain yield, as well as a significant decrease in grain 
protein, including alterations in the wheat proteome and grain nutrient profile. The 
altered grain protein and nutrient profiles also notably changed the baking 
characteristics of the wheat flour (Fernando et al., 2014, Hogy et al., 2009, Ziska et 
al., 2004).  
 
The number of days to crop maturity have also been observed to change at e[CO2] 
(Craufurd and Wheeler, 2009), with flowering time on average setting earlier by a few 
days. Wang et al. (2009) hypothesises that increased canopy temperature under 
e[CO2] might be accelerating plant maturity as a result of the reduced stomatal 
conductance, leading to decreased evaporative cooling from transpiration. However, 
this decreased transpiration under e[CO2] may provide benefit in rain-fed agriculture 
by enhancing drought tolerance (Eastburn et al., 2011). Although plants may still 
require similar water quantities between CO2 concentrations, Li et al. (2004) showed 
when enhanced transpiration efficiency (TE) per leaf area at e[CO2], is factored into 
changes to the whole plant leaf area index (LAI), the cumulative plant transpiration is 
comparable between e[CO2] and a[CO2].  
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Ainsworth et al. (Ainsworth et al., 2008) have summarised that plant productivity 
resulting from e[CO2] is only beneficial to C3 plants as the RuBisCO pathway is not 
saturated at the current a[CO2] of 390ppm. C4 plants are not theorised to benefit 
from CO2 saturation under well watered conditions. However, benefits from a 
decrease in stomatal conductance, which increases TE per leaf area and decreases 
evapotranspiration, has been shown  to benefit C4 plants (Kimball et al., 2002). 
 
Ozone (O3), another important greenhouse gas which is expected to increase into the 
future, is reported to induce gene transcription associated with plant defence 
(Eastburn, et al., 2011). Ozone can also cause plant biomass reduction in almost the 
opposite way that e[CO2] increases biomass. The negative affects of O3 on plants 
have been shown to be negated at e[CO2] of ~500ppm (Donnelly et al., 2005, Wang 
and Taub, 2010). Ozone effects will not be discussed at length in this review.  
 
As discussed above, elevated levels of atmospheric O3, as well as increased average 
temperatures, and changed precipitation patterns are estimated to negate some of 
the benefits to crop physiology e[CO2] induces such as: plant height, leaf area, leaf 
number, ripening/senescence, total biomass and crop yield (Eastburn et al., 2011, 
Gregory et al., 2009, IPCC, 2007). Luck et al. (2011) states that a crop yield increase 
might be expected if local temperature averages in Australia or Mediterranean style 
climates do not exceed 1-3°C. The 2007 IPCC report (Parry et al., 2007) estimates 
that the only improvements to crop yields would be in cropping areas in higher 
latitudes. At such latitudes, normally frost damage reduces crop yields, in a warmer 
future climate projected crop yield increases are mostly assumed to be due to the 
lower number of frost days (Nicholls, 1997). In lower latitudes, where temperature 
maxima are currently not yield limiting, a sharp decline in yields are expected if global 
temperature means increase (Ortiz et al., 2008, Thornton et al., 2011).  
 
 
1.3  Wheat productivity response to rising temperatures and moisture stress  
In Australia Nicholls (1997) attributes between 30% - 50% of the observed yield 
increases in wheat production since 1952 to a warming climate during this period, 
with the remaining percentage of yield increase owing to changes in cultivars and 
agricultural practices. Nicholls (1997) expects that this significant correlation may 
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continue to benefit future wheat yields. This prediction may be rather short sighted as 
more recent experiments have found the contrary (Asseng et al., 2011, Bender et al., 
1999, Ko et al., 2010, Li et al., 2000). Wheat grown in the Yaqui valley in Mexico 
displayed a remarkable increase in yield from the years following 1951, however yield 
increases in the eight years preceding 2005 have stagnated (Ortiz, et al., 2008). 
Wheeler et al. (1996) for instance found that wheat grown at 1°C above the 1996 
season mean caused a decrease in wheat yields. 
 
To a large degree, elevated temperatures can be mitigated by earlier sowing times, 
however the variability of temperatures late in the growing season could potentially 
cause problems. Temperature events greater than 31°C immediately before anthesis 
can lead to lower wheat yields through a decrease of wheat floret setting. 
Temperatures greater than 34°C might cause premature leaf senescence. 
Collectively these stresses can potentially decrease grain yield up to 50% (Asseng et 
al., 2011, Wheeler et al., 1996).  
 
Changes in temperature have been shown to influence the pathogen resistance 
between genotypes in some plant species. Webb et al. (2010) used elevated 
temperatures in a selective pressure study of bacterial blight Xanthomonas oryzae on 
rice, and found that the presence of a specific R gene more effectively restricted 
disease severity at warmer temperatures than at cooler temperatures. Temperature 
induced resistance to stripe rust, Puccinia striiformis, has also been shown in wheat 
(Uauy et al., 2005). 
 
Abiotic stress has an important role in determining host susceptibility to pathogens 
(Agrios, 2004). Moisture stress is a significant abiotic constraint to wheat yield, and 
precipitation is expected to become limited in many growing areas under climate 
change (Dai, 2013, Garrett et al., 2011, Li et al., 2000).  
 
Using modelling to evaluate wheat performance Ko et al. (2010) have shown the 
effects of precipitation, nitrogen application, temperature, e[CO2] and its interaction 
on biomass and yield can be predicted with reasonable accuracy. Moisture was the 
largest constraint on wheat performance, followed by temperature. Soil dehydration 
increased with high volume, low frequency irrigation more than low volume, high 
frequency irrigation. Elevated [CO2] mitigated the detrimental effects of moisture 
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stress in a wheat FACE experiment, however this effect was minimal in comparison 
to the other variables (Ko et al., 2010). O'Leary et al. (2014) have also shown similar 
results where growth of water stressed wheat showed a larger response to e[CO2] 
treatments in comparison to well watered wheat. 
 
In wheat drought trials nitrogen application was positively correlated with 
evapotranspiration, which increased as applied nitrogen increased (Li et al., 2004). 
Wheat productivity in drought conditions was found to be dependent on cultivar, 
transpiration efficiency and photosynthetic ability (Monneveux et al., 2006). Moisture 
limited conditions late in the growing season impact greatly on wheat fitness in the 
terminal stages of development (Dalirie et al., 2010). 
 
Wheat grown at two different sowing times, early and late season, generated 
significantly different yields when subjected to drought stress during the end of the 
growing season. Thermal drought stress in the late planting was attributed to 
significantly lower grain yield (Dalirie et al., 2010).  
 
The multi-trophic interactions of soil biota diversity, soil nutrients, moisture, and soil 
carbon acquisition are expected to change indirectly through an altered plant 
rhizosphere caused by climate change. Warming may have a minor direct effect on 
soils, however e[CO2] is unlikely to affect soil systems directly (Pritchard, 2011). It is 
more likely e[CO2] will influence soil microcosms indirectly; through increased root 
exudates which function to increase available nutrients (Ma et al., 2005, Pritchard, 
2011, Yang et al., 2007). These increased root exudates are likely to influence the 
micro-flora and thereby affect soil-borne pathogen populations.  
 
Stubble breakdown has been shown to accelerate with warmer temperatures. This 
increase in decomposition is attributed to a greater soil microbial activity in the 
warmer environment (Lakhesar et al., 2010, Singh et al., 2009). However future 
elevated atmospheric [CO2] is likely to increase plant biomass production, and is 
therefore likely to return greater volumes of crop trash and stubble back to the soil 
(Chakraborty and Newton, 2011). A meta-data analysis of root mass at e[CO2] 
indicated that there was a larger biomass proportion allocated to the herbaceous and 
woody plant roots when subjected to moisture stress. Plants which were not moisture 
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stressed at e[CO2] did not show the expected increase in root biomass relative to 
above-ground biomass (Wang and Taub, 2010).  
 
 
1.4  Climate change and warming and plant pathogens 
The increased climate change focus with respect to plant pathogens has elucidated 
important information about crop production under future climate scenarios. Recent 
reviews in a Plant Pathology special edition (2011) have effectively outlined these 
experimental outcomes while highlighting areas that need more focus. Within the 
literature discussed here there is a general consensus that future research should 
focus on a multi-variable assessment of abiotic influences on host pathogen 
interactions. Single abiotic analyses, while useful, provide a limited view of the 
potential influences climate change will have. A range of abiotic treatments are 
necessary to assess interaction between climate variables and expand the lack of 
empirical data to assist climate change adaptation initiatives. (Eastburn et al., 2011, 
Fitt et al., 2011, Garrett et al., 2011, Pritchard, 2011, Shaw and Osborne, 2011). 
 
Numerous experiments have demonstrated the response of plants to climate change 
factors such as temperature, moisture stress and [CO2], however very few of these 
studies consider the impact of biotic constraints such as pathogen damage to crop 
yields (Chakraborty and Newton, 2011). Climate change predictions have been used 
to build disease models adding to the theoretical knowledge of disease incidence and 
potential epidemic severity in local ecosystems (Eastburn et al., 2011, Fitt et al., 
2011, Garrett et al., 2011, Pritchard, 2011, Shaw and Osborne, 2011).  
 
An increase in the minimum range of global average temperatures is estimated to 
have the most concerning repercussions from climate warming (Parry, et al., 2007; 
Solomon, et al., 2007). Warmer spring temperatures which compel earlier sowing 
dates are anticipated to be shadowed by the activity of insects, vectors and 
pathogens earlier in the growing season. The effect of day length on crop 
development may eventually inhibit the calendar co-migration of optimal sowing times 
and spring temperatures, thus allowing pests to be relatively more active earlier in the 
cropping season (Gregory et al., 2009). 
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Warming may bring about changes in pathogen niches resulting in increased disease 
incidence. Phytophthora cinnamomi, a disease of significance worldwide, to a range 
of diverse flora, is limited by its susceptibility to cold temperatures and frosts (Brasier, 
1996). Throughout Europe susceptible populations of long lived deciduous oaks, 
Quercus spp., are predicted to be devastated by rising minimum temperatures 
(Bergot et al., 2004). Increased  prevalence of Fusarium head blight pathogen, F. 
graminerarum, is associated with high humidity and warmer than average 
temperatures, these conditions are predicted to become more frequent through 
Northern Europe leading to increases in contaminated cereal grains(Parikka et al., 
2012). Many other Fusaria which cause diseases, such as ear rot on Maize and 
crown rot on wheat, are also predicted to increase in a warmer future climate 
(Parikka et al., 2012). Warming will encourage earlier onset of some pathogens such 
as Flavescence dorée phytoplasma and Mycosphaerella graminicola which infect 
broad beans and wheat respectively (Bernard et al., 2013, Salar et al., 2013). Earlier 
infection due to warming may also be accompanied by faster pathogen multiplication, 
thereby increasing disease severity and fecundity. Bernard et al. (2013) showed 
warmer than average leaf temperatures, between 16.6°C and 18.7°C, led to a shorter 
latent period for tan spot, as well as faster symptom development and greater 
fecundity. Temperatures warmer than this optima showed lower severity, fecundity, 
and greater latent period indicating some warming events may lower pathogen 
fitness if the host plant is not adversely affected by the warmer temperatures. 
 
Precipitation and moisture potential are factors which have a significant role 
influencing the fitness of fungi and bacteria (Thompson et al., 2013). Non-fortuitously 
these factors are also the most difficult to detail in climate models (Parry et al., 2007, 
Shaw, 2009). Rainfall can have a dramatic affect on disease development and cause 
subsequent yield loss. For example, Phytophthora blight of pigeon pea caused by 
Phytophthora drechsleri f.sp. cajani, has been shown to cause 100% crop yield loss 
in seasons that have at least one week of heavy rainfall (>300mm) with temperatures 
averaging between 24°C to 28°C (Garrett et al., 2011). The incidence and severity of 
phoma stem canker, caused by Leptosphaeria maculans, is also highly dependent on 
precipitation and temperature. Both of these climatic factors not only interact with the 
pathogen but also interact with the host resistance. Cold temperatures have been 
shown to suppress phoma stem canker development (Evans et al., 2008), whilst host 
resistance decreases in warmer growing conditions (Huang et al., 2006). Huang et al. 
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(2006) showed phenotypic expression of the phoma stem canker resistance gene 
Rlm-6 as being suppressed at temperatures over 20°C with high leaf moisture. 
 
Soil-borne fungi may benefit from a change in host behaviour under climate change 
and exert competitive exclusion over other soil microbes (Pritchard, 2011). Singh et 
al. (2009) showed that in a competitive assay Fusarium pseudograminearum 
displacement by common soil saprophytes seemed to be dependent on temperature 
and water potential; from the species assayed Trichoderma harzianum was the 
strongest antagonist. Other Fusarium spp. such as Fusarium equiseti and Fusarium 
nygamai showed moderate displacement of the pathogen, while a common straw 
infecting fungi Alternaria infectoria generated very poor displacement (Singh et al., 
2009). Lakhesar et al. (2010) showed stubble breakdown and F. 
pseudograminearum displacement correlated to rainfall events, average temperature 
on a rainfall day and also stubble temperature. Rainfall frequency was observed to 
be a more significant a factor in displacing F. pseudograminearum than rainfall 
volume. These findings are complemented by Runion et al. (1994) who found soil 
which endures greater periods of high moisture contained greater microbial activity. 
 
Farming practices associated with conservation agriculture may contribute to the 
inoculum load on crop debris. Conservation agriculture is aimed at reducing soil 
moisture loss and promoting beneficial soil microbe populations through minimal 
tillage of the soil. An increased adoption of minimal tillage in cereal cropping may 
also promote the persistence of soil-borne necrotrophic pathogen inocula on crop 
debris. This practice consequently leads to an increased incidence and severity of 
pathogens such as: tan spot caused by Cochliobolis sativus, Pyrenophora tritici-
repentis, septoria blotch caused by Mycosphaerella graminicola and Fusarium spp., 
causal agents of FCR (Chakraborty and Newton, 2011, Duveiller et al., 2007, Garrett 
et al., 2011, Gonzalez and Trevathan, 2000, Savary et al., 1997)  
 
 
1.5 Host and pathogen interaction under climate change and rising CO2. 
Variations in plant physiology due to changes in climate are likely to have an impact 
on host and pathogen interactions (Shaw, 2009). The effect that e[CO2] and 
temperature will have on plant resistance and pathogen susceptibility is of concern 
(Boonekamp, 2012, Chakraborty and Newton, 2011, Luck et al., 2011, Sturrock et al., 
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2011). Abiotic stress on host plants can increase or decrease their susceptibility to 
diseases (Newton, 2012). Some phytohormones pathways are shared between 
abiotic and biotic stress; for example abscisic acid which regulates plant defence 
against pathogens and is also involved in stress response of drought, salt, cold, and 
CO2 (Malmström, 1997; Kazan and Lyons, 2014). Host and pathogen interactions 
can profile differently between plant species and plant genotypes in response to each 
abiotic variable producing variations between growing seasons. This is something 
that needs to be addressed when considering adaptation strategies (Eastburn, et al., 
2011). 
 
Identifying plants and cultivars with durable pathogen resistance is a key strategy for 
mitigating disease severity under future climate changes (Pangga et al., 2011). Lower 
plant resistance due to factors associated with climate change have been identified in 
an increasing number of studies (Table 1.1) (Ghini et al., 2011, Luck et al., 2011, 
Pangga et al., 2011). Melloy et al. (2010) showed a change in wheat susceptibility at 
e[CO2]. The partially resistant wheat genotype 2-49 displayed a FCR susceptibility 
increase to the pathogen F. pseudograminearum, relative to the change in 
susceptibility of Tamaroi, a highly susceptible genotype, at e[CO2] (550ppm). Under 
e[CO2] a powdery mildew resistant Arabidopsis thaliana ecotype showed 
physiological changes only after infection with Erysiphe cichoracearum. Leaves 
which developed post infection had increased stomatal density, guard cell length, 
and greater trichome number, thus increasing the potential susceptibility (Lake and 
Wade, 2009).  
 
A FACE study in northern Japan reported e[CO2] increased stem biomass in rice, 
Oryza sativa. Kobayashi et al. (2006) hypothesised that the larger stem biomass may 
have diluted the amount of silicon in the stem resulting in a susceptibility increase to 
rice blast pathogen Magnaporthe oryzae. Hibberd et al. (1996) showed in e[CO2] 
treatments, barley (Hordeum vulgare) increased in resistance to powdery mildew 
Blumeria graminis compared with a[CO2]. The increased resistance was attributed to 
increased leaf epidermal cell wall thickening at appressoria sites.  
 
Microbial activity in soils grown with cotton was shown to be greater in the FACE 
study e[CO2] treatments compared with the a[CO2]. Elevated CO2 treatments also 
showed increased levels of Rhizoctonia spp. inoculum and nematodes (Runion, et 
 14 
al., 1994). Similar results were found in a wheat-rice FACE experiment (Li et al., 
2007). Li et al. (2007) observed e[CO2] and high nitrogen treatments lead to an 
increase in the overall size and diversity of the nematode populations. Of the plant 
parasitic nematodes only one genus, Psilenchus, responded to e[CO2] treatment. 
Psilenchus, which is also classified as a fungivore, increased in number at e[CO2] 
and high nitrogen treatment compared with a[CO2] treatments. Other exclusively 
fungal feeding nematodes were also observed to increase at e[CO2] and nitrogen (Li, 
et al., 2007).  
 
In some reports the benefits from e[CO2] outweigh the detriment of some plant 
pathogens. Ye et al. (2010) showed that when potato virus Y-N (PVYN) infected 
tobacco plants treated with e[CO2] (750ppm), the plant biomass increase attributed to 
e[CO2] was greater than the detrimental effects of the virus. This analysis showed no 
interaction between the host and pathogen under e[CO2] (Ye, Fu et al. 2010).  
 
Bencze et al. (2013) showed that a selection of wheat genotypes which were 
susceptible to the diseases powdery mildew, leaf rust, and stem rust, increased in 
susceptibility in e[CO2] treatments compared with those grown in  a[CO2] treatments. 
The wheat plants also showed a greater genotype dependent susceptibility to 
Fusarium head blight (FHB), caused by pathogen F. culmorum, under e[CO2]. In 
e[CO2] treatments, compared with a[CO2] the cultivar (cv) Mambo showed lower FHB 
severity but faster colonisation of the rachis; cv. Emma  showed increased FHB 
severity; and cv. Regiment showed no change. Differences in FHB severity and 
infection between [CO2] treatments were also shown to be dependent on the length 
of time after inoculation (Bencze et al., 2013). 
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Table 1.1 A summary of the influence of climate change factors have on some host and pathogen interaction and pathogen fitness. Table is a collation of tables cited 
in (Ghini, et al., 2011; Luck, et al., 2011; Pangga, et al., 2011) 
Host Pathogen Climate change effect Change in 
severity 
Reference cited in paper (Ghini, et al., 2011; 
Luck, et al., 2011; Pangga, et al., 2011) 
Banana Fusarium oxysporum  
   f. sp. cubense 
Warmer temperatures and periods of drought Increased Gasparotto & Pereira (2008) 
Banana Mycosphaerella fijiensis Lower relative humidity Decrease Ghini et al. (2007), Jesus Ju´nior et al. (2008b) 
Barley Barley yellow dwarf virus Elevated  CO2 Decrease Malmstro¨m & Field (1997) 
Barley Smut – Ustilago hordei Elevated CO2 Increase Manning & Tiedemann (1995) 
Barley     Powdery mildew – Blumeria 
graminis 
Decrease at high CO2  Decrease Hibberd et al. (1996) 
Cashew Colletotrichum acutatum Increased precipitation Increased Personal communication between (Ghini, et al., 
2011) and J.E. Cardoso and F.M.P. Viana,  
Cashew Colletotrichum  
    gloeosporioides 
Increased precipitation Increased Personal communication between (Ghini, et al., 
2011) and J.E. Cardoso and F.M.P. Viana,  
Cashew Oidium anacardier Increased precipitation Increased Personal communication between (Ghini, et al., 
2011) and J.E. Cardoso and F.M.P. Viana,  
Cashew Pilgeriella anacardii Increased precipitation Increased Personal communication between (Ghini, et al., 
2011) and J.E. Cardoso and F.M.P. Viana,  
Cassava Xanthomonas axonopodis pv. 
Manihotis 
Region dependent Increase or 
decrease 
Personal communication between (Ghini, et al., 
2011) and H.S.A. Silva and E.C. Andrade, 
Citrus Candidatus Liberibacter spp.,  Increased vector population Increased Jesus Ju´ nior et al. (2008a) 
Citrus Colletotrichum acutatum Warmer Temperatures Increased Jesus Ju´ nior et al. (2008a) 
Citrus Guignardia citricarpa,  Warmer Temperatures Increased Jesus Ju´ nior et al. (2008a) 
Citrus Xylella fastidiosa Increased vector population Increased Jesus Ju´ nior et al. (2008a) 
Coconut palm Bipolaris incurvata Reduced precipitation and warmer temperature Decreased Personal communication between (Ghini, et al., 
2011) and D.R.N. Warwick, V. Talamini, R.R.C. 
Carvalho and A.M.F. Silva 
Coconut palm Camarotella crocomiae Reduced precipitation and warmer temperature Decreased D.R.N. Warwick, V. Talamini, R.R.C. Carvalho 
and A.M.F. Silva,  
Coconut palm Camarotella torrendiella Reduced precipitation and warmer temperature Decreased Personal communication between (Ghini, et al., 
2011) and D.R.N. Warwick, V. Talamini, R.R.C. 
Carvalho and A.M.F. Silva 
Coconut palm Phytomonas sp. Reduced precipitation and warmer temperature Decreased Personal communication between (Ghini, et al., 
2011) and D.R.N. Warwick, V. Talamini, R.R.C. 
Carvalho and A.M.F. Silva 
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Host Pathogen Climate change effect Change in 
severity 
Reference cited in paper (Ghini, et al., 2011; 
Luck, et al., 2011; Pangga, et al., 2011) 
Coconut palm Phytophthora spp. Reduced precipitation and warmer temperature Decreased Personal communication between (Ghini, et al., 
2011) and D.R.N. Warwick, V. Talamini, R.R.C. 
Carvalho and A.M.F. Silva 
Coffee Hemileia vastatrix Warmer winters and higher CO2 concentration Increased Chalfoun et al. (2001); Pozza & Alves (2008); 
Mendes -2009 
Coffee Meloidogyne incognita Warmer temperatures Increased Ghini et al. (2008b) 
Eucalyptus Ceratocystis fimbriata Warner temperatures and more stressed plants Increased R.G. Mafia, A.C. Alfenas and R.A. Loss,  
Eucalyptus Cylindrocladium  
     quinqueseptatum 
Warmer temperatures and increased precipitation Increased Booth et al. (2000) 
Eucalyptus Cylindrocladium sp. Warner temperatures and more stressed plants Increased Personal communication between (Ghini, et al., 
2011) and R.G. Mafia, A.C. Alfenas and R.A. 
Loss  
Eucalyptus Cylindrocladium candelabrum Elevated CO2 Decreased {Oliveira da Silva, 2014 #438} 
Eucalyptus Puccinia psidii Warmer temperatures Decreased Moraes et al. (2008) 
Eucalyptus Quambalaria eucalypti Warmer temperatures No change Alfenas et al. (2004) 
Eucalyptus R. solanacearum Warner temperatures and more stressed plants Increased Personal communication between (Ghini, et al., 
2011) and R.G. Mafia, A.C. Alfenas and R.A. 
Loss  
Eucalyptus Ralstonia solanacearum Warmer temperatures No change Alfenas et al. (2004) 
Eucalyptus Xanthomonas sp. Warmer temperatures No change Alfenas et al. (2004) 
Eucalyptus Xanthomonas sp. Warner temperatures and more stressed plants Increased Personal communication between (Ghini, et al., 
2011) and R.G. Mafia, A.C. Alfenas and R.A. 
Loss  
Geranium Xanthomonas campestris pv. 
Pelargonii 
High CO2 reduced pathogen numbers in host tissue Decrease Jiao et al. (1999) 
Maize  Smut – Ustilago maydis  Elevated CO2  Decrease Manning & Tiedemann (1995) 
Maize Fusarium verticilloides Elevated CO2 Increase Vaughan (2014) 
Oats Barley yellow dwarf virus High CO2 increased persistence of infected plants to alter 
epidemiology 
Increase Malstrom & Field (1997) 
Japanses 
Oak 
Powdert Mildew – Erysiphe 
alphitoides 
Elevated CO2 Decrease Watanabe (2014) 
Papaya Asperisporium caricae Warmer temperatures and lower relative humidity Decreased Jesus Ju´ nior et al. (2007) 
Pineapple Fusarium subglutinans  Warmer temperatures Decreased Matos et al. (2000) 
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Host Pathogen Climate change effect Change in 
severity 
Reference cited in paper (Ghini, et al., 2011; 
Luck, et al., 2011; Pangga, et al., 2011) 
f. sp. ananas 
Potato Potato leaf-roll virus Warmer more favorable conditions for insect vectors Increase Boland et al. (2004) 
Potato Verticillium wilt; Common 
scab – Streptomyces scabies 
Warmer temperatures and increased risk of plant wounding through 
more frequent extreme weather events. 
Increase Boland et al. (2004) 
Potato  Early blight –  
  Alternaria solani  
Elevated CO2  No change   Manning & Tiedemann (1995) 
Potato  Late blight – 
 Phytophthora infestans 
Warmer temperatures causing earlier seasons Increase Hannukkala et al. (2007) 
Potato  Six necrotrophic pathogens Milder winters increasing microbial decomposition of crop residue Decrease Boland et al. (2004) 
Rape  Downey mildew – 
Hyaloperonospora brassicae 
Elevated CO2 Decrease Mathur (2013) 
Rape  White rust - Albugo candida Elevated CO2 Increase Mathur (2013) 
Rape Leaf spot - Alternaria 
brassicae 
Elevated CO2 Decreased Mathur (2013) 
Rice  Leaf blast –  
Magnaporthe oryzae 
Elevated  CO2 Increase  Kobayashi et al. (2006); Goria (2013) 
Rice  Sheath blight –  
Rhizoctonia solani 
Elevated  CO2 Increase Kobayashi et al. (2006) 
Rose  Podosphaera (Sphaerotheca) 
pannosa 
Elevated CO2  Decreased 
sporilation 
Volk, 1931 [cited in Manning & Tiedemann, 1995] 
Rubber vine Maravalia cryptostegiae Elevated CO2 – (extended latent period with reduced pustules per leaf 
however an increased fecundity) 
No change S. Chakraborty, M. Weinert & J. Brown, 
unpublished data 
Soybean 2 necrotrophic pathogens Warmer temperatures and reduced soil moisture  Increase  Boland et al. (2004) 
Soybean Six necrotrophic pathogens Warmer temperatures and lower rainfall Decrease  Boland et al. (2004) 
Soybean  Brown spot -  
Septoria glycines 
Elevated CO2 with/ without elevated O3  Increase Eastburn et al. (2010) 
Soybean  Downy mildew – 
 Peronospora manshurica 
Warmer temperatures and drier seasons Decrease  Boland et al. (2004) 
Soybean  Downy mildew –  
Peronospora manshurica  
Elevated CO2 with ⁄ without high O3  Decrease  Eastburn et al.(2010) 
Soybean  Stem canker –  
Phytophthora sojae 
Elevated CO2 - (Increased phytoalexin glyceollin production in resistant 
but not in susceptible cultivar) 
Increase or 
decrease 
Braga et al. (2006) 
Soybean  Sudden death syndrome – 
Fusarium virguliforme 
Elevated CO2 or elevated O3  No change  Eastburn et al. (2010) 
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Host Pathogen Climate change effect Change in 
severity 
Reference cited in paper (Ghini, et al., 2011; 
Luck, et al., 2011; Pangga, et al., 2011) 
Stylosanthes Colletotrichum  
    gloeosporioides 
Elevated CO2 – (delayed germtube growth and appressoria; but 
increased fecundity) 
Increase or 
decrease 
Chakraborty et al. (2000) 
Sugarcane Ceratocystis paradoxa Warmer temperatures Decreased Chakraborty et al. (1998) 
Tomato Phytophthora parasitica High CO2 increased pathogen biomass in host tissue Increase Jwa & Walling (2001) 
Tomato  Cladosporium fulvum  High CO2 enhanced sporulation Increase Volk, 1931 [cited in Manning &Tiedemann, 1995] 
Tomato Tomato yellow leaf curl virus Elevated CO2 Decrease Huang (2012) 
Wheat Barley yellow dwarf virus More favorable conditions for aphid vectors and alternative host 
through winter  
Increase Chakraborty et al. (1998) 
Wheat Crown rot – Fusarium 
pseudograminearum  
Elevated CO2  Increase Chakraborty et al. (1998);Melloy et al. (2010) 
Wheat Dwarf bunt –  
Tilletia controversa 
Warmer temperatures Increase Boland et al. (2004) 
Wheat Four necrotrophic pathogens Milder winters increasing microbial decomposition of crop residue, 
Lower rainfall 
Decrease Boland et al. (2004) 
Wheat Head blight – Fusarium sp.  Milder winters increasing microbial decomposition of crop residue, 
Lower rainfall 
 No change Boland et al. (2004) 
Wheat Leaf rust –  
Puccinia triticina 
Elevated CO2   Increase or 
decrease 
Manning & Tiedemann (1995) 
Wheat Powdery mildew – Blumeria 
graminis 
Elevated CO2 – (Increased plant moisture content and decreased plant 
nitrogen content in well watered conditions) 
Increase  Thompson et al. (1993) 
Wheat Puccinia recondita   Elevated CO2 No change Tiedemann & Firsching (2000) 
Wheat Puccinia striiformis Elevated CO2 No change Chakraborty et al. (2010) 
Wheat Puccinia striiformis    Warmer temperatures – (causing shortening of pathogen latent period)  Increase Milus et al. (2009) 
Wheat Snow mould – 
 Fusarium sp. 
Elevated  CO2 Increase Manning & Tiedemann (1995) 
Wheat Spot blotch – 
 Cochliobolus sativus 
Warmer night temperatures Increase Sharma et al. (2007) 
Wheat Stem rust –  
Puccinia graminis 
Elevated CO2 Decrease Manning & Tiedemann (1995) 
Wheat Stripe rust –  
Puccinia striiformis 
Warmer average annual temperature  Decrease  Yang et al. (1998) 
Wheat Stripe rust –  
Puccinia striiformis 
Elevated CO2  Decrease Manning & Tiedemann (1995) 
Wheat Stripe rust – Warmer temperature – (encouraging pathogen adaptation) Increase Milus et al. (2006) 
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Host Pathogen Climate change effect Change in 
severity 
Reference cited in paper (Ghini, et al., 2011; 
Luck, et al., 2011; Pangga, et al., 2011) 
 Puccinia striiformis 
Wheat Stripe rust – 
 Puccinia striiformis  
Warmer temperature Increase Chakraborty et al. (1998) 
Wheat Two biotrophic pathogens  Milder winters, lower rainfall, Decrease Boland et al. (2004) 
Wheat  Stripe rust – 
 Puccinia striiformis 
Milder winter temperatures  Increase Coakley 1979 
Wheat Fusarium head blight – 
Fusarium spp. 
Warmer temperatures Increase West 2012 
Wheat Tan Spot – Mycosphaerella 
graminicola 
Warmer temperatures Increase Bernard (2013) 
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1.6  Host-Pathogen evolution 
Climate change is predicted to increase the frequency of environmental 
extremes thus affecting plant pathogens, their hosts, or the disease complex by 
impacting on host-pathogen interactions (IPCC, 2013, Rosenzweig et al., 2001). 
A study of rice infected with bacterial blight, Xanthomonas oryzae pv. oryzae, at 
warmer temperatures showed an enhanced virility of X. oryzae over eleven 
cycles (Webb et al., 2010). A sequential cycling experiment by Chakraborty and 
Datta (2003) showed a Stylosanthes scabra cultivar exhibited an increased 
resistance on first encounter to Colletotrichum gloeosporoides at double ambient 
[CO2] (700ppm). Subsequently, after 25 cycles, the pathogen population 
exhibited an increase of aggressive isolates in the e[CO2] treatment. This is an 
example of a shift in population dynamics which might be seen more frequently 
in future climate change scenarios where abiotic stresses enhance selective 
pressure and negate the benefits of e[CO2] (Shaw, 2009). 
 
Increases in pathogen population size could enhance the probability of selection 
pressures increasing pathogen fitness (Shaw, 2009). Pathogen inoculum levels 
have been reported to increase for many diseases under e[CO2] (Pangga et al., 
2013), including facultative necrotrophs, such as F. pseudograminearum (Melloy 
et al., 2010), which survive saprophytically on crop stubble. A crop biomass 
increase under e[CO2] may correlate to an increase in the quantity of surviving 
pathogen as inoculum on crop debris, assisting the evolution of such facultative 
necrotrophs (Melloy et al., 2010). The fecundity of polycyclic foliar pathogens are 
predicted to increase at e[CO2] as a result of physiological changes in plant 
canopy architecture providing a more conducive micro-climate for pathogen 
infection (Chakraborty and Datta, 2003, Pangga et al., 2011). Disease incidence 
and pathogen populations fluctuate around their mean over time and a step 
increase in fitness may translate to an increase in disease incidence (Shaw, 
2009).  
 
Enhanced genomic plasticity of pathogens can be achieved in environments 
conducive of plant stress (Gregory, et al., 2009). Plant pathogen evolution will be 
likely to promote pathogen races which are more virulent. The only mitigating 
factor is the time taken for the pathogen race to develop (Shaw, 2009). Milus et 
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al. (2009) surveyed stripe rust isolates from before the year 2000 which were 
similar morphologically and genetically to a more recent isolates. These rust 
isolates were compared for aggressiveness at cool 10°C – 18°C, and warm 12°C 
- 28°C growing temperatures. The more recently collected rust isolates was 
shown as the more aggressive under both treatments and warmer temperatures 
facilitated earlier and extended periods conducive to infection. These more 
recent samples collected after the year 2000 also indicated a greater potential 
for adaptation to warmer growing regions (Milus, et al., 2009). 
 
 
1.7  Mycotoxin production and crop quality in a future climate 
Crop pathogens can impact on food security in ways other than a reduction in 
crop yields (Porter et al., 2014). Some pathogens, such as Fusarium spp., 
produce mycotoxins which can reduce grain quality or make it unfit for 
consumption by humans and livestock (Pinton and Oswald, 2014). Few 
experiments have investigated the response of mycotoxin production in crop 
plants to aspects of climate change (Magan et al., 2011). Most of the research 
which has been undertaken was for the purpose of designing seasonal 
forecasting models and to assess the risk of infection by mycotoxin producing 
pathogens in response to factors such as, weather conditions, host genotype, 
cropping history, sporulation rate and dispersal, as well as host growth stage 
(Rossi et al., 2003, Schaafsma and Hooker, 2007). Parikka et al. (2012) predicts 
warmer temperatures associated with climate change will be likely to increase 
Fusarium mycotoxin contamination in cereals cropping areas throughout Europe. 
Although the effect of mycotoxin production in response to altered future 
atmospheric composition has been discussed, little has been done to obtain 
empirical data to support models and hypothesis. Information on the potential 
effect of e[CO2] on pathogen mycotoxin production within host plants would be 
vital to understanding the risks to grain quality and will help to develop 
appropriate management strategies under future climate.  
 
1.8  Crown-rot and Wheat: Case Study 
Wheat is one of the most important crops grown worldwide, and accounts for as 
much as 21% of the global food consumption (Ortiz, et al., 2008). Crown rot is a 
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chronic problem for the Australian wheat industry. Drought stress and warmer 
than average growing temperatures are associated with higher FCR disease 
severity on wheat (Wildermuth and McNamara, 1994). In 2007 Australian wheat 
production was affected by drought. FCR reduced yield even further on drought 
stressed plants resulting in an additional average yield loss of 25% (Hollaway 
and Exell, 2010). The severe slump in overall Australian wheat production was 
felt in economic terms on the world market, where poor yields and an increase in 
global consumption resulted in grain prices more than doubling despite an 
increase in global wheat cropping area (Wheat Exports Australia, 2009). In the 
following years 2008 and 2009 the disease was reported to cause an average of 
1% and 8% of yield loss, respectively, in bread wheat cultivars grown in Australia 
(Daniel et al., 2011).  
 
A select group of species from the Fusarium genus are associated with the 
disease crown rot (Akinsanmi et al., 2004). Fusarium spp. have a wide host 
range and can cause FCR on many small cereal grains and grasses. The 
species mainly associated with FCR in Australia are F. graminearum, 
teleomorph Gibberella zeae, and F. pseudograminearum, teleomorph Gibberella 
coronicola. The latter is known as the more aggressive FCR causing species 
(Backhouse and Burgess, 2002). On cereals, Fusarium spp. are facultative 
necrotrophs which can survive as saprobes on host debris. These fungi produce 
resting structures such as chlamydospores although these are not assumed to 
be the primary mode of persisting in soils (Burgess et al., 2001). Crown rot 
symptoms are characterised by necrotic lesions which start from the plant base 
and progress up the stem producing uniform browning. Colonisation by the 
pathogen disrupts the transportation of water and nutrients causing premature 
death of leaves and wheat spike (Figure 1.1). The formation of dead wheat 
heads, often referred to as ‘white heads’,  contain shrivelled grain (Figures 1.2 & 
1.3) or no grain at all (Burgess, et al., 2001). The two wheat genotypes Sunco 
and 2-49 are consistently reported as carrying the highest levels of resistance 
(Chakraborty et al., 2006, Li et al., 2008, Nicol et al., 2007). However, reported 
yield losses of 8.6% and 6.4%, respectively, from these two genotypes show 
they are only partially resistant (Smiley and Yan, 2009).  
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When considering host and pathogen interactions it is important to define the 
terminology of resistance, tolerance and severity. Resistance is defined through 
the inhibition of infection and the reduction of the multiplication of the pathogen 
(Nicol, et al., 2007). Tolerance can be defined as infection by a disease that 
inflicts no or minimal penalty on its host or any discernible yield loss (Smiley and 
Yan, 2009). Tolerance and resistance of wheat cultivars have been difficult to 
characterise (Daniel et al., 2011) and therefore the terminology to explain 
resistance, tolerance and severity in the literature needs to be defined (Table 
1.2). Severity can be explained in terms of the disease symptoms in response to 
factors such as host resistance, environmental variables and the presence of 
inoculum (Hogg et al., 2010). Expressions of FCR severity such as frequency of 
white heads in the field and stem browning are shown to be correlated to yield 
loss (Dyer et al., 2009, Hollaway and Exell, 2010).  
 
 
 
Figure 1.1  (right) Section of wheat stem base exhibiting extensive colonisation of the 
lumen with Fusarium pseudograminearum, the red pigmented centre indicates the 
presenceof the fungus.  
Figure 1.2 (top left) Wheat seed from crown rot infected wheat; Left – 17 shrivelled grain 
from wheat plant showing FCR symptoms, Right – 7 normal size grains from a plant not 
showing any FCR symptoms. Both plants were the same cultivar from the same plot. 
Figure 1.3 (bottom left): Wheat exhibiting white heads, an indication of FCR severity 
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Smiley (2009) used yield loss in wheat to define FCR tolerance in a selection of 
cultivars. The Australian cultivars 2-49, Sunco, Gala and Puseas performed well 
as standards to characterise FCR tolerance among wheat varieties. However 
results were shown to be variable even for these apparent standard cultivars, 
and especially for winter wheat varieties between location and season (Smiley 
and Yan, 2009).  
 
Table 1.2  Terminology used to define crown rot resistance, susceptibility, tolerance and severity 
in wheat. 
 Definition Reference 
Resistance Browning of the stem base. (Wallwork et al., 2004) 
 
Ability to limit the level of field inoculum at the end of 
a growing season. 
(Evans, et al., 2010) 
 
Percentage browning and necrotic lesions of the 
sub-coronal internode and stem base in seedlings 
and matured plants. 
(Wildermuth and McNamara, 
1994)      
 
An overall average of a FCR severity with respect to 
a specific cultivar. 
(Mitter et al., 2006)                         
 
 
A reduction in replication and build-up of inoculum 
levels within a wheat crop. 
(Nicol, et al., 2007) 
Susceptibility 
(Percentage of test cultivar diseased tillers / 
diseased tillers of standard cultivar, Purseas) x 100 
(Wildermuth et al., 2001) 
Tolerance 
Comparison of wheat yield loss between cultivars in 
the presence of FCR field inoculum. 
(Smiley and Yan, 2009) 
Severity 
Number of white heads as a manifestation of 
severity over field cropping area 
(Hollaway and Exell, 2010)       
 
A factor of the browning intensity versus browning 
uniformity of all other tillers in a plant 
(Dyer, et al., 2009) 
 
 
Glasshouse seedling bio-assay where severity is 
calculated by (Length of stem base browning / total 
stem length) multiplied by the number of leaf 
sheaths penetrated by necrosis. 
(Mitter, et al., 2006) 
 
 
The average sum between the degrees of FCR 
symptom, where heavily infected observations are 
giving a greater weighting. 
(González et al., 2003, Hogg 
et al., 2010) 
 
Effective control of FCR is focused on limiting the available inoculum in the field 
via cultivar resistance and stubble management (Backhouse, 2006, Burgess et 
al., 2001, Nicol et al., 2007). FCR has become a pathogen of major concern due 
to the increase in potential for drought stress and changes to on-farm practices 
such as minimum till or conservation agriculture (Chakraborty and Newton, 
2011). Backhouse (2006), in a continuous cropping experiment, showed rainfall 
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within the cropping season promoted plant growth and increased yield, which 
translated to increased crop residue. Crop residue from a preceding season 
correlated positively with FCR incidence in the season which followed, indicating 
the inoculum is carried over on the crop residue between seasons. Rainfall 
during the non-cropping season increased stubble degradation which translated 
to decreased FCR incidence in the following season. This ten year trial 
represents the significance of crop residue on FCR disease incidence 
(Backhouse, 2006).  
 
Reduction of Fusarium inoculum in the field requires rotation with non-cereal 
crops. The most effective rotations which decrease inoculum levels were, field 
pea or a fallow season (Evans et al., 2010).  
 
 
1.9  Gaps in knowledge of CO2 and climate change effects on pathogens of 
food crops 
The published literature provides a basis for what is known about plant abiotic 
constraints and disease incidence. However, there is a lack of knowledge 
covering factors associated with climate change i.e. e[CO2], temperature and 
moisture interactions between changes in host physiology and pathogen 
epidemiology. Multi-variable experiments, similar to the European Stress 
Physiology and Climate Experiment (ESPACE) which observed CO2, O3, 
temperature, soil moisture, nitrogen and location, should provide an opportunity 
to observe biotic constraints as well as abiotic (Bender et al., 1999, Ewert et al., 
1999, Ghini et al., 2011). Research using only single variables in controlled 
environments provide a limited understanding of host and pathogen interactions 
(Eastburn, et al., 2011). Glasshouse and growth chamber studies need 
validation in the field to best gauge the effect of these factors on crop production. 
 
It is important to determine the baseline effect that e[CO2] will have on host and 
pathogen interactions considering [CO2] is projected to increase to approximately 
800ppm by the end of the century (IPCC, 2007, Juroszek and von Tiedemann, 
2011). The relatively small body of literature detailing plant and pathogen 
interactions at e[CO2] has primarily focused on aboveground host-pathogen 
interactions especially foliar diseases (Eastburn, et al., 2011) (Table 1.2). More 
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attention needs to be directed towards influences of e[CO2] on soil-borne 
microbe and plant pathogen systems (Pritchard, 2011).  
 
Disease severity expression between host genotype or pathogen race in 
response to climate change may vary significantly. Factors influencing severity 
need greater definition; resistant and susceptible phenotypes should be profiled 
for disease severity under multiple factor treatments associated with climate 
change (Eastburn, et al., 2011). By identifying mechanisms which are influenced 
by climate change factors and those that alter host and pathogen interactions, 
the identification of what is required for durable resistance might be more easily 
determined. Agricultural breeding programs may then be built in a way that may 
focus on adaptation initiatives more effectively.  
 
The major factors of climate change such as temperature, e[CO2], ozone, and 
precipitation aside, there will undoubtedly be aspects influencing disease 
severity that are unforeseen. Long term data sets are required if relationships 
between climate and pathogens are to be fully understood (Shaw, 2009). An 
ongoing agricultural study of wheat cropping at Rothamsted Research Station in 
the United Kingdom demonstrated the value of long term data sets by analysing 
160 years of archived wheat material. The analysis found a significant positive 
correlation between anthropogenic levels of atmospheric SO2, the biomass of 
pathogens Mycosphaerella graminicola (the causal agent of septoria leaf blotch), 
and Phaeosphaeria nodorum (the causal agent of glume blotch) (Bearchell et al., 
2005). 
 
Associating the last 50 years of climate data to a change in crop susceptibility or 
disease incidence is a difficult task. Agricultural innovation and crop breeding 
efforts over the past decades may mask the potential climate impact on disease 
severity. There is also a possibility for the pathogen to evolve which could void 
any and all predictions (Gregory, et al., 2009). For agriculture to adapt to 
changes in future climates, cultivar development and selection will be essential. 
Crop cultivars must be chosen for their physiological qualities to mitigate the 
effects of biotic and abiotic pressures to produce an optimum quantitative and 
qualitative yield which is economically desirable (Garrett et al., 2011). 
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The challenges facing plant protection strategists are to develop pest 
management solutions that are effective and sustainable which are not 
compromised by evolution, and to produce technologies which can be applied in 
low input farming areas. Overall a 40% increase in crop productivity is needed to 
sustain food security for a future global population whilst conforming to a 
requirement for lower energy and greenhouse gas emissions agenda (Lucas, 
2011). Early and rapid identification of plant pathogens using molecular 
diagnostics is a likely first step for mitigating losses from disease epidemics. 
Surveillance systems and co-operative institutions are facilitating this service 
under the constraints of declining agricultural investment (Miller et al., 2009). 
 
Lucus (2011) suggests that current technology for molecular disease 
identification and characterisation might lead to high-throughput methods of 
phenotyping durable host resistance, assisting the progression of plant breeding. 
A better understanding of the ecology, adaptation and evolution of pathogens 
would assist in the manipulation of their behaviour. New knowledge and 
technologies pioneered by this work could develop sustainable pest 
management systems. 
 
This study aims to develop empirical knowledge of the host-pathogen 
interactions of crown rot and wheat. The data generated from this project will 
assist in validating disease forecasting models previously based on theoretical 
knowledge and support building new models that guide the direction of future 
research and on-farm management of the disease. These aims will be 
addressed by focusing on four key aspects:  
(a) Characterise changes to host and pathogen interaction at e[CO2] and with 
different temperature treatments, 
(b) Under field conditions evaluate the stability of crown rot resistance in wheat 
germplasm at ambient and elevated CO2,  
(c) Assess host-pathogen interactions under continuous wheat monoculture at 
a[CO2] and e[CO2].  
(d) Assess the effect of e[CO2] on mycotoxin production 
Collectively these aims will aid in identifying FCR resistance which might be 
durable under elevated atmospheric [CO2] and climate change. Results 
generated from this work will provide field data on genotypes which could form 
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the basis for breeding programs to develop wheat cultivars that can assist in 
meeting targeted increases in global wheat yield by 2050. Ultimately this 
research will expand the paucity of knowledge of host and pathogen interaction 
in response to climate change variables and permit informed integrated 
management decisions.  
 
The first aim is addressed in chapter 2 of this thesis which is titled “The influence 
of increasing temperature and CO2 on Fusarium crown rot susceptibility of wheat 
genotypes at key growth stages.” This publication examines the host and 
pathogen interaction of F.pseudograminearum on sixteen wheat genotypes at 
four plant maturity stages in a glasshouse experiment. 
The influence of increasing temperature and CO2
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at key growth stages
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Abstract Despite recent reports advancing our under-
standing of climate change on plant diseases, uncertain-
ty remains concerning how host and pathogen interac-
tions are changed by increases in atmospheric carbon-
dioxide (CO2) and temperature. This study has ob-
served crown rot inoculated and non-inoculated plants
in three glasshouse environments comprising ambient
CO2 with ambient temperature (E1), elevated CO2 with
ambient temperature (E2) and elevated CO2 with warm
temperatures (E3). The proportion of crown rot infected
tillers (incidence), length of stem browning (severity)
and biomass of Fusarium pseudograminearum in 16
wheat genotypes was destructively assessed at node
development, anthesis, soft dough and crop maturity.
Mean incidence, severity and Fusarium biomass was
greater in E2, and all three measurements increased at
a faster rate across plant development stages; E1 showed
the lowest mean incidence and severity. Incidence and
severity at each development stage was dependent on
the environment each genotype was grown. The influ-
ence of genotype on Fusarium biomass at each devel-
opment stage however was not seen to be dependent on
environment. Irrespective of genotype plants with great-
er severity or relative Fusarium biomass showed lower
plant dry weight at crop maturity in all environments
with exception to E3, where CR severity did not exert a
cost to plant dry weight. These results may allude to
plant maturity and temperature-dependent resistance as
effective mechanisms in building resistance to crown
rot. Regardless of temperature, if crown rot symptoms
and Fusarium biomass are to increase at elevated CO2
there is potential for a loss in crop production capability
while boosting inoculum in crop stubble.
Keywords Fusariumpseudograminearum . Crown rot .
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Introduction
Wheat is a major staple crop worldwide and a primary
carbohydrate source to billions of people (Asseng et al.
2011). Over the past 50 years farming improvements
through cultivation practices and breeding have contributed
to large increases in wheat yields, especially in countries
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such as in Mexico, India, Pakistan and China (Ortiz et al.
2008). In the last decade however population growth, land
degradation and global climate change have placed pres-
sure on food security, resulting in a greater demand for
cereals than the growth in supply (FAO 2013; Ortiz et al.
2008; FAO2011). Predicted climate changes to theworld’s
most productive wheat growing areas have generated con-
cern that the potential global wheat production will be
reduced despite the introduction of new wheat cultivars
(Manes et al. 2012; Ortiz et al. 2008).
In a report by Asseng et al. (2011) a 2 °C temperature
increase in global mean temperature is predicted to
reduce Australian wheat yield up to 50 %. Wheat yield
reduction due to warming can occur through: reduced
seed set per spike (Craufurd andWheeler 2009), limited
photosynthetic efficiency (Long 1991), and reduced
accumulation of grain carbohydrates due to accelerated
plant development (Asseng et al. 2011; Fischer 2011; Li
et al. 2000; Manderscheid et al. 2003). Increases in
ambient CO2 concentration have been shown to buffer
some of the listed negative effects of elevated tempera-
ture (Manderscheid et al. 2003; Ko et al. 2010; Wheeler
et al. 1996) by reducing stomatal conductance, decreas-
ing evapotranspiration, and increasing photosynthetic
rate, equating to an increased water use efficiency.
When wheat grown at elevated CO2 is not subjected
to elevated temperatures an increase in crop biomass,
tillering and leaf area index is observed (Ewert and
Pleijel 1999; Hatfield and Prueger 2011).
Consequently abiotic stresses caused by increases in
temperature and CO2 concentration are recognised as a
research priority for the wheat industry, where production
would be impacted by an estimated 2–4.5 °C global mean
temperature increase and atmospheric CO2 increasing
from 395 ppm in 2013 (Tans and Keeling 2013) to
approximately 560 ppm before 2050 (Chapman et al.
2012; IPCC 2007; The Royal Society 2010).
These predicted changes in climate are expected to
alter the potential risk of plant diseases (Sukumar
Chakraborty 2011; Juroszek and von Tiedemann 2013)
and elicit change in host and pathogen interactions, such
as an increase or decrease in disease symptoms, infec-
tion or fecundity (Lake and Wade 2009; Eastburn et al.
2011) thus affecting crop yield and quality (Dixon 2012;
Ziska et al. 2004). Several of the following studies
describe host-pathogen interaction under climate change
but little attention is given to the underlying host-plant
resistance mechanisms affected by climate change fac-
tors. Elevated CO2 reduced silica content in rice leaf
composition which has been associated with an increase
in rice blast lesions caused by Magnaporthe oryzae
(Kobayashi et al. 2006). Hibberd et al. (1996) however
demonstrated that barley grown at elevated CO2
mobilised silicon more effectively to sites where pow-
derymildew (Blumeria graminis) appresoria developed,
consequently reducing the number of successful infec-
tion sites. In tobacco plants, Matros et al. (2006) ob-
served that elevated CO2 led to an increased production
of defensive compounds which were associated with
reduced presence of Potato virus Y. When soybean
was grown at elevated CO2, in a Free Air Carbon
dioxide Enrichment (FACE) trial, Eastburn et al.
(2010) observed decreased downy mildew severity and
increased Septoria brown spot severity; no detectable
changes in structural or chemical characteristics to the
leaves were observed which could contribute to this
effect. Plants have also shown a differential physiolog-
ical response at elevated CO2 to pathogen infection;
stomatal density, guard cell length and trichome number
are reduced on Arabidopsis thaliana plants at elevated
CO2 compared with ambient CO2 changes which po-
tentially reduce disease susceptibility. The elevated CO2
treatments plants successfully inoculated with Erysiphe
cichoracearum however exhibited an increase in the
same leaf epidermal characteristics on each new leaf,
enhancing disease susceptibility (Lake andWade 2009).
Each host and pathogen interaction responds different-
ly under elevated CO2, and in most reported cases
changed disease expression due to elevated CO2 is attrib-
uted to altered host physiology (Eastburn et al. 2011).
Climate change factors may have greater effects on host
pathogen interactions in circumstances where host resis-
tance is partial or less than complete. A controlled envi-
ronment study by Melloy et al. (2010) showed one such
example where wheat variety 2–49 with partial resistance
to the causal agent of crown rot (CR), the necrotrophic
pathogen Fusarium pseudograminearum, showed a
greater increase in the colonisation by the pathogen under
elevated CO2 in a controlled environment facility (CEF)
than the susceptible variety Tamaroi.
Crown rot persists as a chronic disease in wheat and
cereal growing areas in Australia and around the world.
A report by Murray and Brennan (2009) estimated
Australian average annual wheat yield losses between
1999–2008 due to F. pseudograminearum was approx-
imately $79 million Australian dollars (AUD), with a
potential losses of up to $434 million AUD. The main
causal agents of CR, F. pseudograminearum,
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F. culmorum and F. graminearum, are stubble-borne and
survive saprophytically within crop debris for up to
5 years (Burgess et al. 2001). As wheat pathogens,
Fusarium spp. regularly lead to a reduction in potential
grain size and weight, requiring the grower to reduce
inoculum in the field by the removal of crop debris and
crop rotation to limit the impact of the disease
(Lamprecht et al. 2006). Recently an increased adoption
of zero till farming to conserve subsoil moisture has
favoured CR as a disease of significance. This creates
a CR paradox, as the disease can become acute when
plants are moisture stressed during post-anthesis grain
fill, reducing potential yields by up to 61 % (Burgess
et al. 2001; Savary et al. 2011; Smiley and Yan 2009).
This paradox leads to a farmers’ dilemmawhether to till,
or not to till.
Melloy et al. (2010) showed an increase in colonised
Fusarium CR at elevated CO2 compared with ambient
CO2 levels on mature wheat plants. This final plant
maturity stage represents the end of the host lifecycle
and the pathogenic phase of the necrotroph
F. pseudograminearum. It was concluded that at elevat-
ed CO2 increased relative fungal biomass during the
pathogenic phase would result in more densely
colonised straw and consequently greater inoculum po-
t e n t i a l i n t h e f o l l ow i n g s e a s o n . Wh e n
F. pseudograminearum was grown on sterilized straw
in respective CO2 treatments however, there was no
significant difference in saprophytic growth rate mea-
sured by fungal biomass at the two contrasting CO2
levels. The same article reported the effect of water
availability with CR severity in a FACE experiment at
elevated CO2. Under water-limiting conditions, disease
severity of the partially resistant wheat genotype 2–49
increased at elevated CO2 relative to ambient whereas in
the irrigated and elevated CO2 treatments disease sever-
ity decreased. Disease severity of the susceptible geno-
type Tamaroi at elevated CO2 increased in both
watering regimes. Results suggest CR disease severity
is dependent on CO2 concentration, wheat genotype
and moisture availability (Melloy et al. 2010). These
findings show additional scrutiny of CR infection in a
wider range of resistant and susceptible wheat geno-
types at elevated CO2 and different temperature treat-
ments is required to understand the mechanisms of host
and pathogen interaction.
In this paper we present observations of CR disease
on a range of wheat germplasm to determine at which
plant development stages CR infection is accelerated by
elevated CO2, and elevated CO2 with warm tempera-
tures. These results will have implications for farmers to
better manage CR inoculum build up and assist plant
breeders identify potential sources of CR resistance for
introgression in future breeding programs.
Materials and methods
Wheat genotypes and varieties
A selection of 16 wheat genotypes and varieties were
used in this study (Table 1): 10 wheat genotypes were
common commercial varieties used in different wheat
growing areas of Australia; three breeding genotypes
have been characterised with quantitative trait loci for
CR resistance, E34 and L2–120 supplied by CSIRO
Plant Industries, and 2–49 supplied by Queensland
Department of Agriculture, Fisheries and Forestry; a
drought tolerant genotype, SB 139 supplied by CSIRO
Plant Industry; one bread wheat genotype, Frontana
with putative mycotoxin reducing ability; and finally a
CR susceptible durum variety Tamaroi.
Glasshouses and experimental design
The wheat plants were grown in three separate glass-
houses with distinct CO2 and temperature treatments
designated as environments one (E1), two (E2) and
three (E3). Glasshouses are temperature, humidity and
CO2 regulated by humidifiers and a computer con-
trolled refrigerative cooling system. The conditions of
E1 consisted of ambient CO2 (470 μmol-mol,
±30 μmol-mol) and growing temperatures considered
average for wheat in Australia, with day-time tempera-
tures of 24 °C (±2 °C) and 60 % (±10 %) relative
humidity, and night-time temperatures of 15 °C
(±2 °C) and 80 % (±10 %) relative humidity. The
conditions of E2 consisted of elevated CO2 levels at
an average of 690 μmol-mol (±8 μmol-mol), with the
same temperatures and humidity as in E1. For E3 the
CO2 was elevated at an average of 690-mol, ±6.4 μmol-
mol, and the growing temperatures were warm with a
day-time temperature of 28 °C (±2 °C) and 60 %
(±10 %) relative humidity, and night-time temperatures
of 20 °C (±2 °C) and 80 % (±10 %) relative humidity.
The glasshouses with these three different environments
are located at 27° 29' S, 153° 0' E (Brisbane,
Queensland, Australia). Access to only three
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glasshouses was available at the time of the experiment;
this is the reason for the lack of a fourth glasshouse
treatment with ambient CO2 and warm growing tem-
peratures. The experiment was initiated on June 28th
2010 when seeds were sown into pots and completed
September 24th 2010; during this period no supplemen-
tary lighting was used.
Wheat plants were grown in 800ml square plastic pots
with the dimensions: length (top)=8 cm, length
(bottom)=6 cm and height=15 cm. Pots were filled with
potting mix 'B2' containing composted 0–12 mm bark
fines, washed river sand, Librel BMX trace elements
(BASF), magnesium carbonate, lime, dolomite, iron
mono-hydrate and copper sulphate, supplied by The
University of Queensland glasshouse services,
Australia. Twenty pots of each genotype were raised in
each of the three environments with each pot containing
one plant, of which, 15 were subsequently inoculated and
five were maintained as non-inoculated controls. Within
each environment the inoculated and non-inoculated
treatments were physically separated and plants were
sampled for various assessments at times according to
individual plant maturity stages. Three inoculated plant
replicates and one control plant were destructively
sampled at each of the following developmental points:
node formation, anthesis and soft dough. These points
correspond to Zadoks et al. (1974) decimal scale 3.1, 6.1
and 8.3 respectively. The remaining six inoculated plant
replicates and two non-inoculated control replicates
were sampled at crop maturity (Zadoks 9.2). Although
sampling was undertaken at the same sampling stage the
sampling date varied slightly according to the genotype
and environment in which they were grown.
F. pseudograminearum isolate (CS3427) from the
CSIRO collection, originally obtained from wheat crown
tissue in south-east Queensland, was grown on cracked
maize media. The cracked maize media was prepared in
glass petri dishes with an 18.5 cm diameter and 4 cm
depth. Cracked maize kernels were soaked in water over-
night and subsequently sterilized in an autoclave. The
autoclaved media was air dried in a sterile flow cabinet
for 12 h before inoculation with plugs of potato dextrose
agar growing the F. pseudograminearum isolate. The
inoculated maize was incubated at 24 °C for 7–14 days
until it was fully colonised by the fungus. The maize and
Table 1 List of the sixteen wheat genotypes used in this study
Wheat genotype Crown Rota resistance Reference
Bread wheats
Drysdale Susceptible (Li et al. 2010)
Wyalkatchem Susceptible (N.V. Trials 2013)
Yitpi Susceptible (N.V. Trials 2013)
Hartog Susceptible (N.V. Trials 2013)
Lang Moderate susceptibility to susceptible (N.V. Trials 2013)
Kennedy Moderate susceptibility to susceptible (N.V. Trials 2013)
Janz Moderate susceptibility to susceptible (N.V. Trials 2013)
Magenta Moderate susceptibility to susceptible (N.V. Trials 2013)
Sunco Moderate susceptibility (N.V. Trials 2013)
EGAWylie Moderate resistance to moderate susceptibility (N.V. Trials 2013)
Frontana Moderate resistance to moderate susceptibility (Li et al. 2010)
E34 Moderate resistance to moderate susceptibilityb
2–49 Moderate resistance (Wildermuth and McNamara 1994)
L2–120 Moderate resistanceb
SB 139 Not characterised
Durum wheat
Tamaroi Very Susceptible (N.V. Trials 2013)
a Crown rot yield limiting wheat disease, causal agent Fusarium spp.
b Estimate
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mycelia were dried further in a sterile flow cabinet for an
additional 7 – 14 days until a time when the inoculum
could be ground to a coarse powder in a domestic coffee
grinder. Each seedling was inoculated with one gram of
inoculum which was distributed around the plant base at
23 days post sowing. A small amount of potting mix was
placed on top of the inoculum to limit splash dispersal of
the pathogen in subsequent watering. Each pot was
watered twice a week and fertilised with 50 ml of
‘Thrive’ liquid fertiliser (Padstow, NSW 2211 Australia)
30 days after sowing and once a week thereafter. Water
was withheld prior to the primary spike reaching maturity.
Sampling and disease assessment
Plants were assessed weekly for development using the
Zadok’s scale (Zadoks et al. 1974). When each plant
reached its designated developmental stage it was destruc-
tively sampled and the following measurements taken:
number of tillers, number of tillers showing CR symptoms,
tiller length, length of CR symptoms from the base of the
tiller (severity) and freeze driedweight of the above-ground
plant fraction. Incidencewas calculated as the proportion of
tillers per plant showing CR symptoms. Due to the destruc-
tive nature of the three CR assessment methods, incidence,
severity and relative Fusarium biomass assessment, disease
progressionwas extrapolated from replicates designated for
sampling at each critical maturity stage.
Material was taken for DNA extraction and quantifi-
cation immediately after visual assessment of CR disease
symptoms; all tillers from a 15-cm stem section were
sampled from the crown of each plant and frozen at
−20 °C. The remaining portion of the plant was also
frozen at −20 °C. Frozen samples were then freeze dried,
to prevent further growth of any colonised disease, by
freeze drying in a Christ Alpha 1–4 LSC freeze drier
(John Morris Scientific; Bowen Hills, QLD) under
0.14 mbar of vacuum at 20 °C for a minimum of 30 h.
Freeze dried samples were weighed to determine the dry
weight of the aboveground plant fraction and stored in a
sealed plastic bag at room temperature until a time when
they could be ground in a Retsch MM300 ball mill
(Retsch GmbH, Haan, Germany). Ground samples were
stored at −20 °C until DNA extractions were undertaken.
DNA extraction procedure
Approximately 20 mg partitions from each ground,
freeze-dried sample were used for DNA extraction using
the following protocol: A 200 μl aliquot of QIAGEN
RLT buffer (Doncaster, Victoria, Australia) was added to
the sample partition which was then vortexed for 5–10 s
and centrifuged at 9.6 rpm for 5 min; 95 μl of the
supernatant was transferred to a 96 well plate containing
95 μl of isopropanol and 10 μl of QIAGEN MagAttract
Suspension G (Doncaster, Victoria, Australia). Reagents
were mixed using displacement by carefully inserting
and removing a sterile skirted 96 PCR tube plate
(Sarssdent) into the 96 well plate. Magnetic separation
of the DNA from the solution was possible withmagnetic
bead bound DNA; magnetic rods, 3 mm in diameter and
25.4mm in length, fixed in place by a backing plate, were
inserted inside each tube of the 96 PCR tube plate to
attract and hold magnetic beads on the lower surface of
the 96 PCR tube plate, thus allowing the magnetic bead
bound DNA to be removed from the first 96 well plate.
The skirted 96 tube plate was placed within the second
pre-prepared 96 well plate with each well containing
150 μl of QIAGEN RPW solution, and the magnets
removed allowing the magnetic bead bound DNA to be
released into solution. Samples were then mixed by
displacement and this procedure was repeated twice in
96 well plates containing 150 μl of 100 % ethanol, and
one final 96 well plate containing 100 μl of sterile ‘in-
jection water’ (Pfizer, Bentley, Western Australia) which
eluted the DNA from the magnetic beads. Magnetic
beads which were subsequently removed using magnetic
separation. To each 96 well plate extraction control sam-
ples containing only QIAGEN RLT buffer were included
to check for possible contamination from adjacent wells.
DNA quantification
The extracted DNAwas measured for concentration and
purity using a NanoDrop 8000 UV–vis spectrophotom-
eter (ThermoFisher Scientific, Scoresby, Victoria,
Australia). DNA concentration of each sample was
corrected to 5 ng/μl with sterile injection water (Pfizer,
Bentley, Western Australia) for real-time quantitative
polymerase chain reaction (RT-qPCR). Samples which
were diluted or extracted multiple times for RT-qPCR
were recorded as technical replicates of ‘DNA dilution’
and ‘DNA extraction’ respectively. Relative Fusarium
biomass was determined using RT-qPCR by quantifying
the proportion of F. pseudograminearumDNA template
to wheat DNA template. For this purpose primers spe-
cific to a F. pseudograminearum translation elongation
factor gene (forward 5′-CAAGTTTGATCCAGGGTA
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ATCC-3′ and reverse 5′- GCTGTTTCTCTTAGTCTT
CCTCA-3′) were used. Primers for the wheat actin binding
protein gene (U58278) (forward 5′-CGCGAGGACAAG
ATGCTGTA- 3′ and reverse 5′ -CACGTCGATCTGCA
CGCC- 3′) provided a wheat reference target (Stephens
et al. 2008). Three technical replicates of each primer pair
were prepared for each RT-qPCR plate. A total reaction
volume of 10 μl contained 5 μl Syber Green (Applied
Biosystems, Mulgrave, Victoria Australia), 4 μl of 5 ng/μl
DNA extract, and 1 μl 3 μM forward and reverse primers.
Cycling conditions, on a ViiA7 RT-qPCR system (Applied
Biosystems,Mulgrave, Victoria Australia), started at 95 °C
for 10 min for an initial denaturing, and followed by: 15 s
at 95 °C and 1 min extension/annealing at 58 °C which
was cycled 45 times. The RT-qPCR product was treated
with a temperature gradient to capture a melt-curve for
qualitative analysis. RT-qPCR analysis program
LinRegPCR version 2012.0 (Ruijter et al. 2009) was used
to calculate PCR efficiencies (Ef) and determine crossing
threshold values (Ct) which were used in the following
equation to calculate relative Fusarium biomass values.
Relative biomass ¼ Ef
−Ct
fungal
E f −Ctplant
Statistical analysis
Data were analysed using linear mixed-effect models in
the statistical program R (R Development 2011).
Libraries used in the analysis included: lme4, coda,
ggplot, language and multcomp (Baayen 2011; Bates
et al. 2011; Hothorn et al. 2008; Mendiburu, F. d 2012;
Plummer et al. 2006). Non-inoculated plants were used
only to confirm the inoculum was successful in gener-
ating CR; data from non-inoculated plants were not
included in the statistical analysis.
Mixed effect models were used to analyse incidence,
severity, relative Fusarium biomass and plant dry
weight. All fixed and random effects were found to be
significant when fitting the models (Table 2).
To balance the residual error within the models, each
response variable was transformed; severity data were
transformed with a square root; the dry weight data were
transformed with a square root, and the relative
Fusarium biomass was transformed according to the
following equation, log (x+1) where x is the response
variable. Sampling stage was set as an ordered factor
(longitudinal factor). Statistical significance of the fixed
effects was determined for severity and relative
Fusarium biomass using the Markov chain Monte
Carlo (MCMC) calculation. Statistical significance for
incidence was inferred from the p-values generated from
a binomial mixed effect model. Factors were incorpo-
rated in the model as random effects if they significantly
improved the model as determined by using a log-
likelihood ratio test for comparing mixed effect models.
The rate of change for CR severity, Incidence and
relative Fusarium biomass across all sampling stages,
and between each sampling stage was determined by
interpreting the slope generated from the mixed effect
model for each environment and genotype. Models
where factors showed significant fixed effect interac-
tions were divided into subsets to explore the role of
each factor. Data were divided into sampling stage
Table 2 Mixed effect model parameters
Response variable Fixed effects Random effects Model details
Incidence Sampling stage x Environment (Environment | genotype\
sampling stage)
Binomial model
Crown rot severitya Sampling stage x Environment (Environment | genotype \
sampling stage) + number
of tillers
Gaussian model
Relative Fusarium biomassb Sampling stage x Environment genotype + biological replicate +
DNA dilution rep + DNA
extract rep
Gaussian model
Plant dry weighta (Sampling stage x Environment)
+ (Sampling stage x Crown rot severity)
+ (Environment x Crown rot severity)
(Environment | genotype) +
number of tillers
Gaussian model
a Response variables: crown rot severity and plant dry weight were square root transformed
b Relative Fusarium biomass transformed using the equation log (x+1); ‘Environment | wheat genotype’ indicates where the random factor,
wheat genotype, was set to an intercept for each environment
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subsets in each of the three models where severity,
incidence and plant dry weight were response variables.
A Tukey pair wise analysis was run on these models to
characterise the role of environment. A generalised lin-
ear model with incidence as the response variable was
run for each of the factors genotype, sampling stage and
environment. General additive models (GAM) were
used to describe overall mean trends on Figs. 1 to 8;
smoothing effects included three knots.
Results
Incidence
Crown rot incidence was significantly different in each
glasshouse environment (E1, E2 and E3) across all
sampling stages and wheat genotypes (Table 3). Plants
grown in E2 and E3 displayed significantly higher inci-
dence than plants in E1 (P<0.001) (Fig. 1). Regardless
of environment the incidence of CR increased with plant
maturity as a linear trend (P<0.001). Incidence of CR
increased at a faster rate between the sampling stages of
node development and anthesis in E2 than the other
environments (Fig. 1). Environment significantly
affected the mean incidence for each genotype at each
sampling stage. On average all genotypes sampled at
node development had significantly higher mean CR
incidence in E3 than the other two environments (P=
0.0025). Plants sampled at anthesis, soft dough and crop
maturity showed a significantly higher mean incidence of
CR in both E2 and E3 compared with plants grown in E1.
In general across all sampling stages CR incidence
scores on all genotypes were greater in E2 and E3
compared to E1 with exception to genotypes Sunco
and Kennedy (Fig. 2). Sunco displayed a lower CR
incidence mean in both elevated CO2 treatments, E2
(P=0.037) and E3 (P=0.055), as well as a lower rate of
incidence increase between sampling stages relative to
E1. Kennedy showed one of the fastest rates of inci-
dence increase between all sampling stages in E2, how-
ever one of the lowest average incidence across all
sampling stages in E3. L2-120 showed the most consis-
tently low CR incidence scores across all sampling
stages and environments. Frontana and Yitpi showed
low incidence on average in E1 with a low rate of
increase between sampling stages. In E2 and E3 how-
ever both Frontana and Yitpi were among genotypes
showing the highest rates of incidence increase between
sampling stages, also ranking them among wheat
Fig. 1 Incidence (proportion of
tillers showing crown rot
symptoms) per plant irrespective
of genotype, sampled at stages
node formation, anthesis, soft
dough, and maturity (Zadoks
stage 3.1, 6.1, 8.3 and 9.2
respectively) grown under the
three different environment
treatments: environment one,
ambient CO2 with ambient
temperatures; environment two,
elevated CO2 with ambient
temperatures; environment three,
elevated CO2 with warm
temperature. Jitter effect was
added to each point; each point
represents one plant. GAM was
used with smooth terms with four
knots; GAM adjusted R2 value,
0.288; shaded area flanking the
line indicated 95 % confidence of
the mean
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genotypes with the highest average incidence in these
environments. Genotype 2–49 showed low incidence on
average across all sampling stages in E1 and E2, com-
pared to all other genotypes, however in E3 it showed
one of the highest incidence scores.
Crown rot severity
Plants grown in the elevated CO2 environments E2 and
E3, on average showed a significantly higher severity
than E1 (P<0.001) (Fig. 3 & Table 3). CR severity
significantly increased across all sampling stages as a
linear trend (P<0.001); E1 and E3 increased at the same
rate whereas severity in E2 increased at a faster rate
between sampling stages.
The sampling stage at node development showed
plants with a significantly greater severity in E3 than
in the other environments (P<0.001). Plants sampled at
anthesis, showed a greater mean severity in E2 and E3
than E1 (P<0.001) and in the subsequent sampling
stages soft dough and crop maturity, E2 showed signif-
icantly higher severity than E3 (P<0.001). Both elevat-
ed CO2 environments showed more severity than E1 at
crop maturity (Fig. 3).
CR severity on each genotype at each sampling stage
was significantly affected by the glasshouse environ-
ment it was grown and sampling stage it was assessed
(P=0.02) (Table 3). Genotypes L2-120 and Sunco con-
sistently showed the least severity across all sampling
stages and environments (Fig. 4). Both 2–49 and Sunco
also showed the lowest rate of increase between each
sampling stage across all environments. Tamaroi
showed the highest mean CR severity and rate of
severity increase followed by SB139 across all sampling
stages and treatments. Kennedy and Hartog showed
greater severity on average with their largest rate of
increase between soft dough and crop maturity. Yitpi
and Frontana showed lower than average severity scores
coupled with a low rate of increase between all sampling
stages in E1, however in E2 and E3 they showed a
greater average severity and a faster rate of severity
increase between all sampling stages. ‘Number of til-
lers’ contributed a small but significant effect on mean
CR severity.
Relative fusarium biomass
On average E2 produced plants with higher relative
Fusarium biomass than the other two environments
(Fig. 5 & Table 3). E1 and E3 showed no difference
overall, however significant differences could be seen at
each sampling stage.
Relative Fusarium biomass increased as the plants
matured, and after each subsequent sampling stage the
rate of increase increased (Fig. 5). E2 contained plants
with the largest average rate of increase in relative
Fusarium biomass (P<0.001) followed by E3 (P=
0.06); E1 contained plants with the lowest average rate
of relative Fusarium biomass increase over the four
sampling stages. Plants growing in E3 on average
contained higher relative Fusarium biomass at node
development than the other two ambient temperature
environments (P=0.137). At anthesis there was no dif-
ference in relative Fusarium biomass between plants
growing in E2 and E3, however both environments at
anthesis stage contained significantly more relative
Table 3 Significance of factors included in incidence, crown rot severity and relative Fusarium biomass mixed effect model analysis
Model predictors/estimators Incidence Crown rot severity Relative Fusarium Biomass
Environment <0.001 <0.001 <0.001
Sampling stage <0.001 <0.001 <0.001
Sampling stage x Environment 0.001 <0.001 <0.001
Sampling stage x Genotype <0.001a <0.001a <0.001a
Sampling stage x Genotype x Environment 0.01a 0.02a 0.6386a
Genotype <0.001a <0.001a <0.001a
Genotype x Environment <0.001a 0.082a 0.64a
Tillers ns 0.002a ns
Biological rep ns ns <0.001a
ns not significant and eliminated from model analysis
a p-value of random effects generated by log-likelihood method of model comparison
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Fusarium biomass than plants in E1 (P=0.002 and P=
0.003 respectively). At soft dough and crop maturity
plants in E2 had significantly greater relative Fusarium
biomass than plants sampled in E1 and E3 (P<0.001,
P=0.02; soft dough and crop maturity respectively).
There was no difference in relative Fusarium biomass
between plants in E1 and E3 at soft dough (P=0.669),
however plants sampled at crop maturity in E3
contained greater relative Fusarium biomass than E1
(P=0.008).
Wheat genotype was significant in explaining rela-
tive Fusarium biomass variance between sampling
Fig. 2 Incidence (proportion of tillers showing crown rot symp-
toms per plant) of each wheat genotype at respective environment
and sampling stage; (1) Sampling stage ‘node development’, (2)
Sampling stage ‘anthesis’, (3) sampling stage ‘soft dough’, (4)
sampling stage ‘crop mature’. Three different environment treat-
ments: environment one, ambient CO2with ambient temperatures;
environment two, Elevated CO2 with ambient temperatures; en-
vironment three, Elevated CO2 with warm temperature. Jitter
effect was added to each point; each point represents one plant.
Trend lines produced by a GAM with smooth function, and 4
knots; shaded area flanking the line indicated 95 % confidence of
the mean
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stages regardless of environment (P<0.001) (Fig. 6).
L2–120 contained the least relative Fusarium biomass,
which also increased at the slowest rate over each sam-
pling stage (Fig. 6) with Sunco and Janz showed the
next lowest average relative Fusarium biomass and rate
of relative Fusarium biomass increase. SB 139 and
Tamaroi contained the most relative Fusarium biomass,
which also showed the greatest increase in relative
Fusarium biomass between sampling stages. Frontana
showed a large increase in relative Fusarium biomass
between anthesis and soft dough, and little to no in-
crease between soft dough and crop maturity when all
other genotypes showed large increases in relative
Fusarium biomass. Genotype 2–49 showed higher
than average relative Fusarium biomass on plants
at the sampling stages node formation and anthe-
sis; however 2–49 showed lower than average
relative Fusarium biomass on crop mature plants.
Kennedy showed an opposite trend of low relative
Fusarium biomass on average, except at crop ma-
turity, across all environments compared to all
other genotypes. Overall CR severity and relative
Fusarium biomass correlated poorly (adjusted R-
squared value 0.524 and P<0.001), both 2–49
and Kennedy showed the largest rank difference
between the two disease assessments.
A large variance in relative Fusarium biomass was
seen between biological replicates and nested factors:
‘sample dilution’ and ‘DNA extraction replicate’, which
explained approximately the same amount of variation
as the residual variation (Table 3).
Plant dry weight
Plant dry weight increased between sampling stages as
plants matured, and the rate of this increase decreased
after each subsequent sampling stage (P<0.001)
(Fig. 7). Across all sampling stages E2 produced plants
with more plant dry weight, and at a faster rate, than E1
and E3 (P<0.001) . E1, compared to E3, grew plants
with greater plant dry weight, and at a faster rate
(P<0.001).
On average across all sampling stages in E3 plant dry
weights significantly increased as CR severity increased
(P<0.001). CR severity in E1 and E2 had an increasing
negative effect on plant dry weight as plants matured,
which was statistically significant following anthesis
(P=0.032); hence the negative effect of CR severity on
Fig. 3 Mean crown rot severity
per plant, measured by length of
stem browning irrespective of
genotype; sampled at stages node
formation, anthesis, soft dough,
and maturity (Zadoks stage 3.1,
6.1, 8.3 and 9.2 respectively)
grown under the three different
environment treatments:
environment one, ambient CO2
with ambient temperatures;
environment two, elevated CO2
with ambient temperatures;
environment three, elevated CO2
with warm temperature. Jitter
effect was added to each point;
each point represents one plant.
GAM was used with smooth
terms with four knots; GAM
adjusted R2 value, 0.49; shaded
area flanking the line indicated
95 % confidence of the mean
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plant dry weight was greatest at crop maturity
(P<0.001; adjusted R-squared 0.403). There was no
significant correlation between plant dry weight and
CR severity in E3 at crop maturity (Fig. 8). Plant dry
weight at crop maturity also had a significant negative
correlation with relative Fusarium biomass across all
environments (P=0.01; adjusted R-squared 0.375;
Fig. 9), with no significant difference in the rate of this
trend between environments.
Factors ‘number of tillers’, ‘genotype’ and ‘genotype
by environment’ were all significant (P<0.001) in
explaining the variance in plant dry weight. The largest
Fig. 4 Crown rot severity, measured by length of stem browning,
for each wheat genotype at respective environment and sampling
stage; (1) Sampling stage ‘node development’, (2) Sampling stage
‘anthesis’, (3) sampling stage ‘soft dough’, (4) sampling stage
‘crop mature’. Three different environment treatments: environ-
ment one, ambient CO2 with ambient temperatures; environment
two, elevated CO2 with ambient temperatures; environment three,
elevated CO2 with warm temperature. Jitter effect was added to
each point; each point represents one plant. Trend lines produced
by a GAM with smooth function, and 4 knots; shaded area
flanking the line indicated 95 % confidence of the mean
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amount of variance in dry weight was due to the number
of tillers, followed by residual variance, genotype and
finally the genotype by environment interaction ex-
plained the least amount of variation in the model.
Discussion
In this study we observed elevated CO2 with ambient
temperatures and elevated CO2 with warm temperatures
caused an increase in CR as measured by incidence, CR
severity and relative Fusarium biomass across all sam-
pling stages when compared to the ambient CO2 with
ambient temperature environment. The scale and signif-
icance of these increases however, differ depending on
the wheat genotype, plant growth stage and the environ-
ment in which the plant was grown.
CR severity and relative Fusarium biomass increased
at a greater rate in E2 between all four sampling stages
compared to E1 and E3; the only exception was between
soft dough and maturity where the mean relative
Fusarium biomass increased at faster rate in E3 com-
pared to E2. In addition to a greater incidence of CR
symptoms in E2 and E3, the infecting pathogen grew
more rapidly, and symptom was advanced further up the
plant stem more rapidly. In E2 this occurred despite
faster growing, taller plants.
Plants developed greater incidence, severity and
mean relative biomass in E3 at node development than
the other two environments (P=0.0025; P<0.001;
P<0.137 respectively). Based on these results we theo-
rise warmer temperatures at elevated CO2 may increase
the susceptibility of wheat to Fusarium sp. infection in
the early stages of development. Although it is possible
pathogen aggressiveness is increasing due to the CO2
and temperature treatments, it has been known for some
time that some Fusarium species grow faster at warmer
temperatures; in culture a temperature of 25 °C was
found to be the optimum temperature for growth of
F. culmorum, F. avenaceum (Parry et al. 1994),
F. graminearum and F. pseudograminearum (Tunali
et al. 2012). Increased CR necrosis on seedlings grown
at warmer temperatures has been reported in a number
of studies (Pettitt and Parry 1996; Smiley 2009;
Wildermuth and McNamara 1994). Warmer tempera-
tures at sowing could therefore facilitate greater CR
infection in the field, and potentially lead to a higher
frequency of Fusarium seedling blight if seed is not
treated with fungicide prior to sowing. Early season heat
events, with higher atmospheric CO2, around sowing
Fig. 5 Mean measure of Relative
Fusarium Biomass sampled at
stages node formation
irrespective of genotype, anthesis,
soft dough, and maturity (Zadoks
stage 3.1, 6.1, 8.3 and 9.2
respectively) grown under the
three different environment
treatments: environment one,
ambient CO2 with ambient
temperatures; environment two,
elevated CO2 with ambient
temperatures; environment three,
elevated CO2 with warm
temperature. Jitter effect was
added to each point; each point
represents one plant. Y axis has
been scaled using a square root.
GAM was used with smooth
terms with four knots; GAM
adjusted R2 value, 0.487; shaded
area flanking the line indicated
95 % confidence of the mean
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are likely under climate change as a result of warmer
winter and spring temperatures (GRDC 2011; Zheng
et al. 2012).
E3 showed relative Fusarium biomass did not
increase between sampling stages anthesis and soft
dough, inferring that plants may invoke a resistance
mechanism at elevated CO2 and warm temperatures.
Temperature mediated resistance genes in wheat have
been described against a number of pathogens, and in
many cases are dependent on host maturity stage. Uauy
et al. (2005) found the wheat gene Yr36 enhances
resistance to the pathogen Puccinia striiformis in adult
Fig. 6 Relative Fusarium biomass for each wheat genotype at
respective environment and sampling stage; (1) Sampling stage
‘node development’, (2) Sampling stage ‘anthesis’, (3) sampling
stage ‘soft dough’, (4) sampling stage ‘crop mature’. Three differ-
ent environment treatments: environment one, ambient CO2 with
ambient temperatures; environment two, elevated CO2 with
ambient temperatures; environment three, elevated CO2 with
warm temperature. Jitter effect was added to each point; each point
represents one plant. Trend lines produced by a GAMwith smooth
function, and 4 knots; shaded area flanking the line indicated 95 %
confidence of the mean
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Fig. 7 Mean plant dry weight of
all plants sampled at stages node
formation, anthesis, soft dough,
and maturity (Zadoks stage 3.1,
6.1, 8.3 and 9.2 respectively)
grown under the three different
environment treatments:
environment one, ambient CO2
with ambient temperatures;
environment two, elevated CO2
with ambient temperatures;
environment three, elevated CO2
with warm temperature. Jitter
effect was added to each point;
each point represents one plant.
GAM was used with smooth
terms with a k value of 4; shaded
area flanking the line indicated
95 % confidence of the mean.
Solid line indicates non-
inoculated plants, dashed line
indicated inoculated plants
Fig. 8 Effect of disease severity,
measured by length of stem
browning, on plant dry weight in
three environments : environment
one, ambient CO2 with ambient
temperatures; environment two,
elevated CO2 with ambient
temperatures; environment three,
elevated CO2 with warm
temperature on crop mature
plants. Each point represents one
plant. Trend line was plotted with
a GAM, adjusted R squared value
of 0.404; shaded area flanking the
line indicated 95 % confidence of
the mean
32 Eur J Plant Pathol (2014) 140:19–37
wheat plants grown at warmer temperatures. An adult
plant resistance gene to powdery mildew has also
been identified by Liu et al. (2001) in wheat.
Temperature or maturity mediated resistance genes
are known in other hosts, for example: a rice bacterial
blast resistance gene Xa7 is shown only to be effec-
tive at warmer temperatures (Webb et al. 2010).
Further evidence supporting temperature-induced
host resistance rather than a loss in pathogen aggres-
siveness for CR in wheat may be gained by consid-
ering Fusarium spp. has a geographic distribution
which is not limited by warmer climates. Fusarium spe-
cies distribution in Australia is best described as being
associated with their host distribution (Backhouse and
Burgess 2002; S. Chakraborty et al. 2006).
Temperature-mediated adult resistance genes may also
be the reason for the observed rapid increase in relative
Fusarium biomass following soft dough. The rapid fungal
growth occurs as the plant senesces and host defences are
abandoned. A similar rapid increase between soft dough
and crop maturity was observed across all environments
for all disease assessments. This could be expected due to
the nature of the facultative necrotroph which is capable
of unimpeded saprophytic growth in dead or senescing
host tissue (Burgess et al. 2001).
Contrary to Melloy et al. (2010), relative Fusarium
biomass was not observed to be dependent on a geno-
type and CO2 treatment interaction; however for inci-
dence and severity we did observe a genotype, environ-
ment and sampling stage interaction. The genotype L2–
120 remained a promising source of CR resistance in E2
and E3, consistently exhibiting low incidence, severity
and relative Fusarium biomass across all sampling
stages and environments. Sunco also showed promising
results in the elevated CO2 environments displaying
lower CR incidence, and little to no change in severity
or relative Fusarium biomass compared to ambient. In
contrast Frontana, despite its ability to detoxify myco-
toxin content within the plant (Miller and Ewen 1997),
showed one of the largest increases in incidence, sever-
ity and relative Fusarium biomass within the elevated
CO2 environments, E2 and E3 compared to E1. The
increased susceptibility observed in Frontana at elevated
CO2 was especially striking in E2, where all three
measurements increased at a fast rate between anthesis
and soft dough.
Fig. 9 Plant dry weight is
affected by relative Fusarium
biomass equally in each
environment: environment one,
ambient CO2 with ambient
temperatures; environment two,
elevated CO2 with ambient
temperatures; environment three,
elevated CO2 with warm
temperature on crop mature
plants. Each point represents one
plant. Trend lines produced by a
GAM, adjusted R square value=
0.375; shaded area flanking the
line indicated 95 % confidence of
the mean
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In early samplings stages: node development,
anthesis, and soft dough, Kennedy, Hartog and Lang
showed low CR severity and low relative Fusarium
biomass. After soft dough however rapid increases
were observed in both disease assessments except in
E1, which showed a small increase in severity and
relative Fusarium biomass for both Lang and Hartog.
In this experiment disease scores at crop maturity were
not indicative of disease severity and relative Fusarium
biomass earlier in the plant development. Kennedy and
Hartog are not normally considered as candidates for
CR resistance; however these results may reflect a
mechanism of res is tance ear ly in the crop
development. Experimental wheat genotype SB 139
was extremely susceptible to CR in all environments,
especially E2 where the genotype expressed a large
increase in CR severity before soft dough when most
other when genotypes in E2 showed large severity
increases following soft dough. The improved drought
tolerance does not seem to be associated with improved
CR tolerance in this study. The highly susceptible
genotype Tamaroi also consistently showed high CR
incidence, severity and relative Fusarium biomass
across all sampling stages and environments, however
Tamaroi seemed less affected by CO2 and temperature
treatments than other less susceptible genotypes. In
support of findings by Melloy et al. (2010), the increase
in CR severity and relative Fusarium biomass between
ambient CO2 environment and elevated CO2 environ-
ments appeared larger in 2–49 than Tamaroi.
As expected plants grown in E2 accumulated signif-
icantly more plant dry weight compared to the other two
environments, supporting previous reports in which el-
evated CO2 increases plant biomass, and warmer tem-
peratures at elevated CO2 void this gain (Bender et al.
1999; Manderscheid et al. 2003). The observed lower
plant biomass and increased disease symptoms, severity
and incidence, in E3 compared to E1 may suggest
warmer temperatures not only cancel the yield benefit
of elevated CO2 but increase potential disease severity.
This would imply that farmers in wheat production areas
prone to global warming may not only have to deal with
temperatures limiting plant production capabilities but
also the possibility of increased crown rot inoculum.
This study observed that CR severity may exert a toll
on plant biomass accumulation which was more appar-
ent as the plants matured. At crop maturity plants in the
two ambient temperature environments, E1 and E2,
showed the same rate of plant dry weight decrease
caused by increasing severity. In E3 plant dry weights
of inoculated plants were not influenced by severity.
This observation may suggest that CR symptom is not
correlated with restricted plant performance in this en-
vironment. Relative Fusarium biomass in crop mature
plants however significantly correlated to the same rate
of plant dry weight loss across all environments at crop
maturity. Inoculated plants in the E3 showed a greater
plant dry weight than non-inoculated plants. Possible
reasons for this increased plant dry weight could be two
fold; a change from pathogenic behaviour to a symbiotic
or an endophytic role at elevated CO2 and warmer
temperatures, or increased tolerance from the host. To
our knowledge there are no examples in the literature
where warmer average temperatures, in the presence of
CO2, pose no detriment to the plant performance despite
some plants exhibiting heavy symptoms. Some studies
have shown examples of induced plant pathogen resis-
tance genes at warmer temperatures (Lamari and
Bernier 1994; B. Li et al. 2001; Uauy et al. 2005;
Webb et al. 2010), all of these studies however have
only assessed either signs or symptoms of the disease
and not the extent of the pathogen colonisation.
Over the plant life cycle we have observed a range of
disease severity and pathogen growth responses in a
selection of wheat genotypes under ambient and elevat-
ed CO2 and temperature. These differences could be
due to changes in broad spectrum resistance, specific
mechanisms of resistance, or a combination of both. The
complex interactions which have evolved between host
and pathogen have made it very difficult to build com-
plete or even high levels of resistance to CR. If plant
breeders are to be successful in achieving such a goal, a
strategy for maintaining and improving levels of CR
resistance in wheat lines for future climates is needed.
Part of such a strategy must be a better understanding of
why CR incidence and severity increases at elevated
CO2. Examining CR susceptibility and levels of plant
hormones in an elevated CO2 environment would be a
novel approach worth investigating. Fusarium spp. are
known to ‘high jack’ host defence responses using plant
signalling hormones during the infection process
(Kazan et al. 2012); elevated CO2 is also known to
affect plant growth through plant hormone levels
(Eastburn et al. 2011; Lake and Wade 2009; Nan
et al. 2002).
This experiment highlights the importance of a more
advanced understanding of altered host susceptibility
under elevated CO2 and temperature. More data are
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needed through repeat experiments to better explain the
role of wheat cultivar, and plant age in these environ-
ments. Due to the variable nature of the plant and
pathogen interaction, a large number of biological rep-
licates are needed to obtain sufficient detail. While our
experimental design contained a sufficient number of
replicates to draw conclusions on the overall effect of
CO2 and temperature on CR symptoms and colonisa-
tion at specific plant development stages, an increase in
scale would be needed to confirm genetic sources of
resistance to CR exist at elevated CO2 in the field and
the glasshouse. Durability of CR resistance when chal-
lenged by additional abiotic influences such as temper-
ature and moisture availability also needs to be exam-
ined for wheat breeding programs (Chapman et al.
2012). Importantly our wheat development stage results
support comments from Li et al. (2008) and Yang et al.
(2010); who suggested the search for CR resistance
QTLs within wheat should not be focused on disease
assays at one plant maturity stage such as seedling or
crop maturity.
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Chapter 3:  Crown rot resistance of wheat genotypes under Free-Air CO2 
Enrichment. 
 
3.1 Introduction 
The ongoing ‘arms race’ between plant and pathogen interactions (Anderson et al., 
2010) needs to be re-examined under projected climate change. Plant breeders who 
aim to keep agricultural crops one step ahead in this ‘arms race’ may be faced with 
greater challenges if steps are not taken to source genetic material from crop 
varieties which have durable disease resistance. Pathogen spread, evolution, 
incidence and severity, could potentially increase pressure on global food production 
and subsequently food security under future climate (Chakraborty, 2013, 
Chakraborty and Newton, 2011, Juroszek and von Tiedemann, 2013). Climate 
change induced effects on host and pathogen interactions have become increasingly 
cited in peer reviewed literature over the last decade. Yet the literature remains 
incomplete with a need for an accurate understanding of how aspects of climate 
change will impact on the fitness of plant pathogens (Chakraborty, 2013). The 
influence of elevated CO2 (e[CO2]), the primary driver behind climate change, on 
host and pathogen relationships (Eastburn et al., 2011) is one such aspect which is 
not fully understood.  
  
The recent published studies detailing the e[CO2] influence on plant diseases have 
been exhaustively summarised in review articles (Juroszek and von Tiedemann, 
2013, Chakraborty, 2013, West et al., 2012, Newton et al., 2012, Ghini et al., 2012, 
Luck et al., 2011, Fitt et al., 2011, Eastburn et al., 2011) and will not be repeated 
here.  
 
The following studies are a few of the most recent publications on plant disease 
responses to e[CO2]. Increased rice blast symptoms, associated with the fungal 
pathogen Magnaporthe oryzae, was shown on three different rice genotypes under 
e[CO2] by Goria et al. (2013) in open top chambers. These results confirm earlier 
published results by Kobayashi et al. (2006) where an increase in rice blast 
symptoms under e[CO2] in a FACE trial was observed. Rice blast symptoms were 
found not to be dependent on genotype during this two year study (Goria et al., 
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2013). Vaughan et al. (2014) also showed an increase in susceptibility to F. 
verticillioides (ear rot) on maize in glasshouses under e[CO2]. The increase was 
attributed to an attenuated response of plant defence signals due to a down-
regulation of the plant defence hormone jasmonic acid. Huang et al. (2012) also 
showed lower jasmonic acid under e[CO2] in response to tomato yellow curl virus. 
However, in this instance the tomato plants showed lower incidence and severity at 
e[CO2] (800ppm) compared with a[CO2] in open top chambers. Oliveira da Silva and 
Ghini (2014) also showed in e[CO2] growth chambers a decreased incidence and 
severity in leaf spot on Eucalypt seedlings, caused by Cylindrocladium candelabrum. 
Ferrocino et al. (2013) observed no difference between F. oxysporum (Fusarium wilt) 
infection on lettuce grown in ambient (a[CO2]) and e[CO2] phytotrons. 
 
In general, plant diseases can respond to e[CO2] differently depending on the 
specific host and pathogen interactions. An experiment by Mikkelsen et al. (2014) 
showed the importance of investigating interactive effects between the abiotic factors 
e[CO2], temperature and ozone and host and pathogen interactions in barley. They 
examined two foliar diseases of barley, powdery mildew (caused by Blumeria 
graminis) and spot blotch (caused by Bipolaris sorokiniana). With powdery mildew, 
disease levels were lowest in the three growth chamber environments with elevated 
ozone, e[CO2], or warmer growing temperatures. However, the level of powdery 
mildew increased in the two environments with the combinations of either 1) high 
ozone, e[CO2] with warm temperatures, and 2) e[CO2] with warm temperatures. Spot 
blotch also showed an interaction between treatments where the three environments: 
1) e[CO2]; 2) high ozone, e[CO2] with warm temperatures and 3) e[CO2] with warm 
temperatures showed no change from ambient. However the two growth chambers 
with only warmer temperatures or elevated ozone increased spot blotch symptoms. 
 
Despite the importance of studies using glasshouses, controlled environment 
facilities (CEF), and open top chambers, some limitations may introduce unknown 
confounding factors, including diffused solar radiation leading to lower 
photosynthesis, restricted root volume (Ainsworth and Long, 2005), reduced plant 
feedback to environmental stimuli such as wind (de Langre, 2008) and restricted 
photosynthetic potential due to the limited soil volume in pots (Arp, 1991). Free-air 
carbon dioxide enrichment (FACE) experiments allow the opportunity to study plants 
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and their response to e[CO2] in a natural environment with low impact from the 
experimental design. A number of recent FACE studies have reported on plant 
disease dynamics. A four year FACE trial by Oehme et al. (2013) found no difference 
between a[CO2] and e[CO2] treatments (550ppm) when monitoring an oil seed rape 
(Brassica napus) and wheat (Triticum aestivum) for the development of foliar 
diseases: powdery mildew (caused by Blumeria graminis), yellow rust (caused by P. 
striiformis), brown rust (caused by P. recondita), and septoria leaf blotch (caused by 
S. tritici) from natural inoculum.  Marthur et al. (2013) showed that Alternaria 
brassicae and Hyaloperonospora brassicae (downy mildew) decreased in incidence 
and Albugo candida (white rust) increased in incidence and severity on Brassica 
juncea at e[CO2], the inoculum from all three pathogens were incidental. Watanabe 
et al. (2014) showed powdery mildew (caused by Erysiphe alphitoides) decreased in 
severity on Quercus mongolica trees growing under e[CO2]. Despite the advantages 
which FACE experiments offer, these reports on host and pathogen interactions are 
based on infection from incidental pathogen inoculum and are not hypothesis driven 
experiments where inoculum is evenly applied to both CO2 treatments. However 
there is still opportunity for validation of these experiments even if they are performed 
in enclosures and on less mature plants, just as enclosure experiments need 
validation in a field setting.  
 
Previously Melloy et al. (2010) assessed Fusarium crown rot (FCR) severity and 
relative fungal biomass on two genotypes, the resistant bread wheat genotype 2-49 
and a susceptible durum genotype Tamaroi, over two growing seasons at a FACE 
facility. In 2007 the e[CO2] treatment increased FCR severity and relative biomass of 
the causal pathogen Fusarium spp.; in the second year, 2008, e[CO2] had no 
significant overall effect however there was an e[CO2] response which was 
dependent on genotype. The resistant genotype 2-49 showed a 57% reduction in 
mean relative Fusarium biomass, compared to a 4% reduction in susceptible 
genotype Tamaroi. The same two genotypes were tested in a CEF experiment, 
which showed an increase in relative Fusarium biomass at e[CO2] regardless of 
genotype (Melloy et al., 2010). In chapter 2 of this thesis sixteen wheat genotypes 
were grown in three glasshouse environments: a[CO2] with cool temperature; e[CO2] 
with cool temperatures; and e[CO2] with warm temperatures. Overall the crown rot 
incidence and severity were significantly higher in the two e[CO2] glasshouse 
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environments. Relative Fusarium biomass was higher in the e[CO2] with cool growing 
temperature environment. In the e[CO2] with warm temperature environment 
colonisation stalled between anthesis and soft dough sampling stages. Therefore 
showing no difference from the a[CO2] with cool temperature glasshouse except at 
crop maturity where the warmer e[CO2] environment showed greater relative 
Fusarium biomass. Sampling stage showed an interaction with glasshouse 
environment for all three crown rot assessments; inferring that the effect of e[CO2] 
and e[CO2] with warm temperatures on crown rot development is more pronounced 
at certain wheat growth stages. For FCR incidence and severity the difference 
between sampling stages at each environment was also dependent on host 
genotype. FCR incidence was the only crown rot assessment to show a genotype by 
sampling stage and environment interaction, similar to the findings shown in the 
study by Melloy et al. (2010).  
 
Molecular tools are fast becoming a reliable means to assess resistance to pathogen 
infection. Quantitative polymerase chain reaction (QPCR) is a proven method to 
detect the extent of Fusarium colonisation through wheat tissues and has been used 
to verify visual assessments of severity and interpret wheat genotype resistance, 
susceptibility (Strausbaugh et al., 2005, Hogg et al., 2007, Melloy et al., 2010, Melloy 
et al., 2014, Knight et al., 2012), inoculum survival (Köhl et al., 2007, Evans et al., 
2010, Hogg et al., 2010), inoculation and colonisation (Stephens et al., 2008, Liu et 
al., 2012, Beccari et al., 2011, Knight and Sutherland, 2013b, Obanor and 
Chakraborty, 2014), disease distribution (Moya-Elizondo et al., 2011b) as well as 
being used in pathogen competition assays (Moya-Elizondo et al., 2011a). To gain a 
greater insight into the FCR resistance variation between genotypes, a study by 
Knight et al. (2012) proposed using visual disease ratings in combination with the 
quantity of colonised pathogen.  
 
 
In this Australian Grains Free-Air carbon dioxide Enrichment field facility (AGFACE) 
study, the response of FCR development to e[CO2] was compared with the results 
presented in chapter 2 of this thesis. Additionally, the slope of the FCR severity and 
relative Fusarium biomass correlation was used to assess genotype resistance, and 
the correlation intercept to assess FCR genotype susceptibility at a[CO2] and e[CO2]. 
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Measurements of FCR incidence, FCR severity and relative Fusarium biomass were 
used to address our aim which was to evaluate the level of crown rot resistance in 
wheat germplasm under field conditions at a[CO2] and e[CO2]. The outcomes of this 
research will provide information for plant breeders to improve FCR resistant 
germplasm which will endure increases in atmospheric [CO2] under a future climate.  
 
 
3.2  Materials and Methods 
3.2.1  Wheat genotypes and varieties 
The 16 wheat genotypes used in this study were selected for resistance or 
susceptibility to FCR as described in chapter 2 (Table 2.1). 
 
3.2.2  AGFACE experimental design 
The experiment was undertaken at the Australian Grains Free-Air CO2 Enrichment 
(AGFACE) facility located 10km west of Horsham (36°45’S, 142°06’E) in Victoria 
Australia. Wheat was sown in eight of 16 rings which were prepared in a randomised 
block design and rotated each season with field peas. Each block contained two 
wheat rings and two field pea rings. For each crop, one ring was treated with e[CO2] 
and one left at a[CO2]. The ring location was randomised within each of the four 
blocks. Treatment rings were 16 metres in diameter and had an octagonal CO2 
delivery system whereby each side was independently regulated to diffuse CO2 on 
the up-wind side of the ring (Figure 3.1). A central sensor measured CO2 
concentration, wind speed and wind direction thus allowing determination of the rate 
of CO2 diffusion from each arm up wind of the plots. The height of the CO2 delivery 
system was adjusted regularly to crop canopy height throughout the growing season. 
Each ring was arranged in a split plot design, separated by a subterranean water-
proof barrier running north to south, which enabled rain-fed and supplemented 
irrigation treatments to either the eastern or western half of the ring. Irrigated and 
rain-fed treatments were further divided into two halves, with a northern end and a 
southern end. Two plots, one located within each respective irrigation treatment, per 
ring were allocated for pathology use (Figure 3.1). Pathology plots were randomised 
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between the north and south halves of the irrigation treatments. The six row 
pathology plots measured 145 cm in width and four meters in length; each row was 
spaced 24cm apart.  
 
The experiment was kept free of weeds, and no irrigation treatment was applied in 
2010 due to greater than average rainfall (Table 3.1). 
 
 
Figure 3.1 AGFACE layout in 2010 and 2011. Plots 3,4,5,6 were allocated for pathology use, two plots 
per ring were used for the FCR pathology trial. One plot in each irrigation treatment block, rain-fed and 
supplemental irrigation, was randomly chosen between the north and south quarter of the ring for use; 
ring quarters shown by yellow and green colouring. Areas coloured orange were buffer areas excluded 
from the final analysis. 
 
 
3.2.3  Climate parameters 
To better understand which weather conditions favoured FCR development under 
e[CO2] monthly average rainfall, minimum and maximum temperature data for 
January to December 2010 and 2011 were accessed from the Bureau of 
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Meteorology website (Bureau of Meteorology, 2014). Data was retrieved for the 
weather station 79023 located on Horsham Polkemmet road near the site. 
 
Table 3.1 Sowing times, sampling times and pesticide application during the 2010 and 2011 AGFACE 
season. 
Season Date Task or events 
2010 15-Jun-2010 2010 trial planting 
 9-Aug-2010 Herbicide application flumetsulam† 
 24-Aug-2010 Insecticide application imidacloprid † 
 30-Aug-2010 Insecticide application imidacloprid † 
 8-Oct-2010 Insecticide application chlorpyrifos 300 mL/ha 
 23-Nov-2010 Soft dough growth stage sampling 
 22-Dec-2010 Crop maturity stage sampling 
   
2011 14-Jun-2011 2011 trial planting 
 22-Jul-2011 Insecticide application methidathion 400 mL/ha 
 28-Jul-2011 Herbicide application tralkoxydim 300 g/ha + paraffin oil adjuvant 
 1-Aug-2011 Insecticide application imidacloprid 250 mL/ha 
 12-Aug-2011 Herbicide application flumetsulam 750 mL/ha 
 15-Sep-2011 Fungicide application tebeconazole 300 mL/ha 
 3-Oct-2011 Fungicide application tebeconazole 300mL/ha 
 15-Oct-2011 Fungicide application tebeconazole 300mL/ha 
 22-Nov-2011 Soft dough growth stage sampling 
 15-Dec-2011 Crop maturity stage sampling 
† Where no pesticide application rate is specified suggested rates from the label were used. 
 
3.2.4  Seed sowing in the AGFACE ring 
Seed sourced for the field trial was subjected to germination tests to verify the 
viability prior to sowing. All seeds were coated with a 106 spore suspension of F. 
pseudograminearum, determined with a haemocytometer, and left to air dry within 1 
month prior to planting. The fungal isolate 03-0078 was obtained from the Horsham 
area in Victoria by the Victorian Department of Primary Industries and chosen for its 
aggressiveness in prior field experiments at AGFACE (Melloy et al., 2010). Each of 
the 16 wheat genotypes were sown 20 seeds per row over three rows into micro-
plots measuring 50 cm in length. Each wheat genotype was randomly assigned a 
micro-plot location within each pathology plot. The experiment commenced when 
seeds were sown on the 15th of June 2010 in the first year of the trial and 14th of 
June 2011 in the second year. 
 
55 
3.2.5 Wheat sampling 
Destructive sampling was undertaken on two occasions each growing season to 
record disease incidence, disease severity and relative Fusarium biomass. The first 
sampling stage was 162 days after sowing on the 23rd of November 2010 and the 
22nd of November 2011, timed to coincide with the plant growth stage ‘soft dough’ 
(Zadocks maturity scale  8.3 (Zadoks et al., 1974)) (Table 3.1). Sampling for soft 
dough occurred on a single date and some plant maturity variation was expected. 
The second sampling stage, ‘crop maturity’, (Zadocks maturity scale 9.2) was 
sampled on the 22nd of December 2010 and the 15th of December 2011. Plants and 
grain were stored in dehydrators with air circulating at ambient temperatures until 
they could be assessed for FCR symptoms, except for a short period when the 
material was transported between Horsham and Brisbane where plants were 
subsequently processed. In both years, three plants were carefully removed at soft 
dough, and ten plants were sampled at crop maturity. All three plants sampled at soft 
dough were destructively assessed while five of the ten plants sampled at crop 
maturity were chosen at random for assessment from each micro-plot.  
 
3.2.6 Assessment of FCR symptom severity, FCR incidence and relative Fusarium 
biomass 
Each plant was assessed for the following: plant maturity, length of tillers, length of 
necrosis, number of tillers per plant, and relative Fusarium biomass. Each plant 
contained between 1 and 18 tillers with an overall mean of five tillers per plant. FCR 
severity was assessed by measuring the length of necrotic lesions on the base of 
each tiller and the mean recorded for per plant. FCR incidence was determined by 
calculating the proportion of tillers showing FCR symptoms per plant. qPCR was 
used to quantify the proportion of colonised pathogen DNA relative to the host plant 
DNA and reported as relative Fusarium biomass.  
 
3.2.6.1 DNA extraction and Quantitative PCR method 
Fifteen centimetre sections measured from the base of the plant were sampled and 
pooled for each micro-plot. Stem sections were mixed prior to being ground on a 
Foss cyclotech mill (Hilleroed, Denmark) with a 1.5 mm mesh screen. Ground 
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samples mixed again before being partitioned for deoxynivalenol and DNA 
extraction. DNA was extracted from 30 mg of ground wheat crown tissue using the 
protocols described in chapter 2. DNA extracts were measured for concentration and 
purity using a ThermoFisher Scientific NanoDrop 8000 UV-Vis spectrophotometer 
(Scoresby, Victoria, Australia) and diluted to 5 ng/µl with sterile injection water 
(Pfizer, Bentley, Western Australia) before qPCR analysis. Relative Fusarium 
biomass was determined by using the protocols described in chapter 2. DNA primers 
TRI5 (forward 5’-GCGCATCGAGAATTTGCA-3’; reverse 5’-
TGGCGAGGCTGAGCAAAG-3’) (Strausbaugh et al., 2005), were used to quantify 
the Fusarium DNA and target a specific trichothecene cluster known to be 
responsible for deoxynivalenol production in the following Fusarium species, F. 
pseudograminearum, F. graminearum, F. culmorum (Hogg et al., 2007). Primers for 
wheat actin binding protein gene (U58278) 5’-CGCGAGGACAAGATGCTGTA- 3’ 
(forward) and 5’ -CACGTCGATCTGCACGCC- 3’ (reverse) provided a wheat 
reference target (Stephens et al., 2008). qPCR technical replicates were prepared in 
triplicate for each primers set, each reaction totalled a volume of 10 µl containing 5 µl 
syber green (Applied biosystems, Mulgrave, Victoria Australia), (2 ng/µl) DNA 
template and (1µg / µl) forward and reverse primers. Applied biosystems (Mulgrave, 
Victoria Australia) 386 well plates were used in each qPCR run and contained a 
negative control in addition to a minimum of four samples used as standards to 
determine plate to plate variation. Samples were run on an Applied Biosystems ViiA 
7 (Mulgrave, Victoria Australia) qPCR thermocycler using the following cycling 
conditions: an initial denaturisation step of 95°C for 10 minutes, followed by 45 cycles 
of 95°C for 15 seconds and an annealing/extension step of 60°C for 1 minute. One 
final cycle of 95°C for 15 seconds, 60°C for 1 minute and 95°C for 15 seconds was 
added to obtain a melt curve which was used for qualitative analysis of the PCR 
product. LinRegPCR version 20120 (Ruijter et al., 2009) was used on the qPCR 
output to calculate PCR efficiency values and correct ‘crossing threshold values’ 
(Cts) for each technical replicate. Aberrant results within technical replicates were 
discarded. Samples were repeated if two or more technical reps were incongruent. 
Mean qPCR efficiency values (Ef) and Cts were taken for all technical replicates 
before relative Fusarium biomass was calculated with the following equation. 
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𝑹𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝒃𝒊𝒐𝒎𝒂𝒔𝒔 =  
𝑬𝒇𝒇𝒖𝒏𝒈𝒂𝒍
−𝑪𝒕
𝑬𝒇𝒑𝒍𝒂𝒏𝒕
−𝑪𝒕  
 
3.2.7  Statistical analysis  
‘R’ Statistical package ‘lme4’ was used to analyse data using linear mixed effect 
models in a similar manner to the description in chapter 2.2.5. Measurements of FCR 
severity, incidence and relative Fusarium biomass were used as response variables 
for three different analyses. FCR resistance was determined from the mixed effect 
models where relative Fusarium biomass was the response variable and FCR 
severity was used as a scalar predictor. The slope estimated from this correlation 
was used to interpret the average FCR resistance regardless of genotype. FCR 
resistance of each genotype was estimated from the best linear unbiased predictors 
(BLUPs) slope generated by using FCR severity as the scalar estimator in the 
random effects with genotype used at the grouping term (Table 3.2). A lower slope in 
the FCR resistance correlation showed greater FCR resistance and a higher slope 
showed a lower FCR resistance. The same FCR resistance correlation was also 
used to interpret FCR susceptibility. FCR susceptibility was determined by the 
intercept of the FCR resistance correlation, the intercept can also be explained as 
the estimated minimum FCR severity when relative Fusarium biomass was below the 
detection limit. An increase or decrease in FCR susceptibility was shown by an 
increase or decrease in FCR severity without the equivalent change in relative 
Fusarium biomass, thus changing the intercept without affecting the slope (FCR 
resistance). A lower intercept therefore shows greater FCR severity and was 
interpreted as greater FCR susceptibility. Data were subset by sampling stage and 
models with relative Fusarium biomass as the response variable generated for each 
sampling stage, soft dough and crop maturity. FCR resistance and FCR susceptibility 
at each sampling stage were also inferred from these models with subset data (Table 
3.2). 
 
To balance model residual error each response variable was transformed: FCR 
severity was square root transformed and relative Fusarium biomass response 
variable were log (x+1) transformed. Fixed and random effects which did not improve 
the models were removed. Log-likelihood was also used to explain the significance 
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values of the random effects (Table 3.2). A binomial model was used for FCR 
incidence while FCR severity and relative Fusarium biomass models were based on 
Gaussian distribution (Table 3.2). Best linear un-bias predictors (BLUPs) generated 
from the variation in FCR incidence on each genotype due to e[CO2] in this AGFACE 
experiment was compared to the BLUPs from the chapter 2 glasshouse experiment. 
BLUP values represent a quantitative prediction of each genotype with respect to the 
other genotypes in response to the various crown rot measurements tested within 
and, where an interaction was found, between each of the treatments they were 
grown. The BLUPs are presented here to assist researchers and plant breeders 
evaluate which lines might provide the greatest benefit for future research and 
breeding programs. 
 
 
3.3  Results 
3.3.1  Seasonal Climate for 2010 and 2011  
Temperatures between the two growing seasons varied, monthly mean minimum 
temperatures in 2010 were on average between 0.9°C – 0.3°C cooler than the 40 
year mean; in 2011 monthly minimum means were between 0.9°C cooler to 0.7°C 
warmer than the 40 year mean (Table 3.3). The monthly mean maximum 
temperatures during the 2010 growing season were between 1.9°C cooler to 0.4°C 
warmer while in 2011 monthly mean maximum temperatures were between 0.5°C 
and 1.9°C warmer on average, thus 2011 was a warmer season with less rainfall 
compared to 2010.  
 
3.3.2  Overall effect of elevated CO2 on Crown rot  
Overall FCR incidence did not differ between CO2 treatments in 2010, however in 
2011 FCR incidence was greater on mature plants treated with e[CO2] compared 
with a[CO2] (P = 0.007) (Figure 3.2). Despite this, no difference in relative Fusarium 
biomass or FCR severity was detected between the two CO2 treatments.  
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Table 3.2 Mixed effect model parameters 
Response variable Fixed effects Random effects Model details 
Incidence CO2 treatment  x  Sampling stage  x  Season (Sampling stage : CO2 treatment| genotype) + (1|plot) + (1|tillers) Binomial model 
Crown rot severity 
a
 CO2 treatment + Sampling stage × Season (Season| genotype) + (sampling stage| genotype)  + (1|plot) Gaussian model 
log(Relative Fusarium biomass + 1)  CO2 treatment × Sampling stage + Season
+ √FCR severity  
(Season | genotype)  +  Plot +  DNA extraction rep Gaussian model 
log(Relative Fusarium biomass + 1)   
- Soft dough 
CO2 treatment × Season + √FCR severity (√FCR severity| genotype)  +    DNA extraction rep Gaussian model 
log(Relative Fusarium biomass + 1)   
- Crop mature 
CO2 treatment + Season + √FCR severity (Season | genotype)  +   DNA extraction rep Gaussian model 
Random effects ‘Season | wheat genotype’ indicates a separate intercept for each season was set for the random factor wheat genotype. 
Models where relative Fusarium biomass was the response variable were used to interpret FCR resistance and FCR susceptibility 
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Table 3.3 Monthly mean temperature and rainfall for 2010, 2011 and long term medians. 
 Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 
Rainfall 
2010 8.2 58.2 39.8 35.4 27.2 26.4 64.6 76.8 41.2 53.0 58.0 150.0† 
2011 146.2 67.8 21.6 13.9 24.0 22.4 46.8 45.2 18.0 38.4 75.2 0.0† 
LT Median 16.9 16.2 17.1 23.0 41.1 46 46.8 46.3 44.0 37.0 28.8 21.0 
Temperatures Mean minimum 
2010 11.2 13.9 11.0 9.7 4.9 3.7 3.1 3.7 5.0 6.2 9.2 11.0 
2011 13.7 13.4 11.1 8.0 6.0 3.8 3.7 5.0 4.6 7.0 10.1 11.0 
LT Mean 13.1 13.3 11.2 8.3 6.2 4.4 3.7 4.3 5.5 7.1 9.5 11.5 
Temperatures Mean Maximum 
2010 31.6 31.1 26.8 22.0 18.3 14.4 13.1 13.1 16.2 20.9 24.1 26.3 
2011 29.0 28.1 24.6 21.8 16.1 15.7 13.9 16.0 19.3 21.7 26.7 28.6 
LT Mean 29.8 29.8 26.4 21.6 17.2 14.0 13.4 15.0 17.6 21.0 24.8 27.7 
Median rainfall determined from data collected between 1873 and 2013; LT, Long term median/mean; † 
reported December rainfall is cumulative to plant harvesting date only. Weather station data recorded at 
Horsham Polkemmet road (79023) Bureau of Meteorology website. Accessed 3/2/2014 (Bureau of 
Meteorology, 2014) 
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Table 3.4 Crown rot (FCR) severity, Incidence and relative Fusarium biomass mixed effect model best linear unbiased estimators and variance of random 
effects. 
 Response variables FCR severity Incidence Relative Fusarium biomass 
 Estimate P value Estimate P value Estimate P value 
Fixed effects       
Model Intercept 2.889 < 0.0001 *** 1.665 < 0.0001 *** 0.256 0.128 
CO2 0.304 0.153 -0.315 0.230 0.018 0.884 
Season 0.620 0.021 * -0.537 0.026 * -0.220 0.177 
Crop maturity 1.044 < 0.001 *** 1.686 < 0.001 *** 2.090 < 0.001 *** 
Irrigation -0.106 0.7027 -0.016 0.945 0.040 0.742 
Mean plant height † 0.001 0.191 Na Na -0.0005 0.233 
CO2 : Crop maturity 0.104 0.558 -0.178 0.287 -0.276 0.122 
Crop maturity: Season -0.448  0.015 * -0.952 < 0.001 *** -0.443 0.09 
CO2 : Season 0.351 0.408 0.503 0.146 -0.123 0.493 
CO2 : Season: Crop maturity 0.016 0.952 0.518  0.002 ** 0.048 0.833 
FCR severity † - - - - 0.01 < 0.001 *** 
FCR severity : CO2 † - - - - -0.0007 0.51 
Crop maturity : FCR severity † - - - - -0.004 0.002 ** 
Crop maturity : FCR severity : CO2 † - - - - 2.047E-05 0.99035 
 Variance  P value Variance  P value Variance  P value 
Random effects       
Genotype 0.291 < 0.001 *** 0.458 < 0.001 *** 0.0709 < 0.001 *** 
Genotype : Season 0.298 < 0.001 *** 0.217 < 0.001 *** 0.0126 0.037  * 
Genotype : CO2 - 0.545 0.129 < 0.001 *** - 0.98 
Genotype : Crop maturity 0.046 0.012 0.111 < 0.001 *** - 1 
Genotype : Crop maturity : Season - 0.140 - - - - 
Crop maturity : CO2 : Genotype - 1 0.262  0.002 ** - 1 
Plot location 0.279 < 0.001 *** 0.175 < 0.001 *** 0.0408 < 0.001 *** 
Number of tillers per plant - 1 0.332  0.014   * - 0.450 
DNA extraction - - - - 0.191 < 0.001 *** 
QPCR run - - - - - 1 
Residual model variation 1.180 - - - 0.3861 - 
† FCR resistance: estimate values represent the slope of the response variable and scalar predictor FCR severity; each fixed effect predictor estimate shows the mean 
change in the response variable from the intercept; FCR susceptibility was inferred from the fixed effect predictors of the relative Fusarium biomass model where FCR 
resistance was not interpreted. P value shows the significance of the difference between the intercept and fixed effect predictor or the change from singular estimate of an 
interaction. Random effect P values were generated using log-likelihood method of model comparison; * P value of <=  0.05, ** P value of <=  0.01, *** P value of <  0.001, - 
not applicable. 
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3.3.3  Response of FCR crown rot incidence under e[CO2] in the field 
Wheat plants showed lower FCR incidence in 2011 (P = 0.026) compared with 2010; 
this difference was greater in mature plants (P < 0.001) (Table 3.4). On average 
genotype was a significant source of variation (P < 0.001), furthermore the FCR 
incidence of each genotype was dependent on sampling stage and CO2 treatment (P 
< 0.001). Plot location (P < 0.001) and tiller number (P = 0.014) were also a 
significant source of FCR incidence variation (Table 3.4). 
 
 
Figure 3.2 Mean FCR incidence (mean proportion of infected tillers) at each sampling stage and CO2 
treatment in the 2010 and 2011 season. Bars indicate one standard error of the mean; CO2 indicated 
a mean of plants sampled from elevated CO2 treatments. The data shown in this figure is of the 
raw untransformed data.Statistical significance found using mixed effect model analysis is 
represented by the asterisks, and showed: mature plants had significantly higher incidence compared 
to soft dough *** (P < 0.001); 2011 mature plants showed significantly lower incidence compared to 
2010 mature plants *** (P < 0.001); ** 2011 mature plants grown under e[CO2] showed significantly 
higher FCR incidence compared to the mature plants grown at a[CO2] in 2011(P = 0.002). 
 
 
3.3.3.1 Crown rot incidence variation due to genotype in field grown wheat under elevated 
CO2  
On average, regardless of CO2 treatment, genotypes Sunco and EGA Wiley showed 
the lowest FCR incidence followed by Lang, 2-49, Yitpi and Janz (Table 3.5). 
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Genotype SB 139 on average showed the highest FCR incidence, followed by 
Wyalkatchem, Tamaroi, L2-120 and Hartog. The genotype 2-49 showed the greatest 
FCR incidence reduction in soft dough plants at e[CO2] compared to a[CO2], followed 
by Sunco, EGA Wiley, Tamaroi and Wyalkatchem. Genotype Lang showed the 
greatest FCR incidence increase at soft dough in e[CO2] treatments compared with 
a[CO2], followed by Drysdale, Hartog and Janz (Table 3.5). At crop maturity L2-120 
showed the greatest FCR incidence decrease at e[CO2] compared with a[CO2], 
followed by EGA Wiley, Yitpi and E34. Genotype Hartog showed the greatest FCR 
incidence increase in mature plants at e[CO2] compared with a[CO2] mature plants, 
followed by Tamaroi, Sunco and 2-49 (Table 3.5).  
 
Table 3.5  Crown rot Incidence best linear unbiased predictors (BLUPs) for each genotype; each 
sampling stage and CO2 AGFACE treatment set to a different intercept. 
 
Genotype 
BLUP 
Soft Dough 
a[CO2] 
Soft Dough 
e[CO2]  
Crop mature 
a[CO2] 
Crop mature 
e[CO2] 
EGA Wiley 0.599 0.615 0.582 0.617 0.494 
Sunco 0.599 0.619 0.566 0.662 0.687 
Lang 0.727 0.728 0.796 0.686 0.701 
2-49 0.779 0.786 0.705 0.808 0.829 
Yitpi 0.813 0.817 0.821 0.839 0.782 
Janz 0.818 0.819 0.844 0.814 0.810 
Magenta 0.835 0.834 0.817 0.819 0.813 
Drysdale 0.837 0.837 0.892 0.843 0.854 
E34 0.836 0.844 0.846 0.888 0.839 
Kennedy 0.868 0.866 0.858 0.863 0.877 
Frontana 0.885 0.886 0.891 0.906 0.917 
Hartog 0.893 0.888 0.940 0.873 0.921 
L2-120 0.898 0.892 0.882 0.848 0.715 
Tamaroi 0.911 0.907 0.875 0.893 0.922 
SB 139 0.931 0.924 0.924 0.886 0.899 
Wyalkatchem 0.926 0.926 0.900 0.943 0.959 
Best linear unbiased predictors (BLUP) were generated from the FCR crown rot incidence mixed effect model, 
showing the intercepts for each genotype, at each sampling stage and CO2 treatment; table ordered by the 
mean genotype BLUP of all sampling stages and CO2 treatments. 
 
3.3.3.2  Crown rot incidence comparison between genotypes grown in glasshouse (chapter 
2) and field conditions 
The 16 genotypes did not all respond the same way to e[CO2] treatments in the field 
compared to the glasshouse (table 3.6). Some genotypes showed the same trend ie. 
Drysdale, Hartog and Lang, showed increases in FCR incidence under e[CO2] at soft 
dough and crop maturity in both the glasshouse and field (Table 3.6); Lang also 
showed no change in FCR incidence rank between either trials under both 
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treatments. Kennedy showed a similar response to e[CO2] between experiments; in 
the glasshouse it showed one of the lowest FCR incidence differences between 
e[CO2] and a[CO2] regardless of sampling stage, and in the field Kennedy showed 
no difference in FCR incidence at soft dough under e[CO2] and an increase at crop 
maturity compared to a[CO2]. Genotypes previously shown to have moderate FCR 
susceptibility and moderate FCR resistance, Sunco and L2-120 respectively (Table 
2.1) both showed lower FCR incidence at soft dough in the glasshouse, Sunco also 
showed lower FCR incidence on soft dough plants in the field however L2-120 plants 
showed no change between e[CO2] treatments. Crop mature L2-120 plants sampled 
from e[CO2], showed higher FCR incidence in the glasshouse and lower FCR 
incidence in the field compared with a[CO2]. Sunco plants sampled at crop maturity 
from e[CO2], showed a FCR incidence decrease in the glasshouse and FCR 
incidence increase in the field when compared to the a[CO2] treatments. SB 139 
showed one of the highest rates of FCR incidence in the glasshouse and field 
regardless of e[CO2] treatment. FCR incidence on SB 139 increased under e[CO2]  
at crop maturity in the glasshouse and field, whereas at soft dough SB 139 increased 
in the glasshouse and showed no difference in the field between CO2 treatments 
(Table 3.6).  
 
Table 3.6 Mean change in FCR incidence between a[CO2] and e[CO2] treatments for each sampling 
stage in the glasshouse experiment (Chapter 2) and AGFACE field trial. 
 
Glasshouse AGFACE field trial 
 
Genotype Soft Dough Crop maturity Soft Dough Crop maturity 
Sunco ↓ ↓ ↓ ↑ 
L2-120 ↓ ↑ - ↓ 
Kennedy ↑ ↑ - ↑ 
SB 139 ↑ ↑ - ↑ 
E34 ↑ ↑ - ↓ 
Lang ↑ ↑ ↑ ↑ 
Hartog ↑ ↑ ↑ ↑ 
2-49 ↑ ↑ ↓ ↑ 
EGA Wiley ↑ ↑ ↓ ↓ 
Drysdale ↑ ↑ ↑ ↑ 
Tamaroi ↑ ↑ ↓ ↑ 
Janz  ↑ ↑ ↑ - 
Magenta ↑ ↑ ↓ - 
Wyalkatchem ↑ ↑ ↓ ↑ 
Frontana ↑ ↑ - ↑ 
Yitpi ↑ ↑ - ↓ 
↑ A FCR incidence increase at in elevated CO2 treatments compared to ambient CO2 treatments; ↓ a FCR 
incidence decrease at in elevated CO2 treatments compared to ambient CO2 treatments; - showed no change 
between CO2 treatments 
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3.3.4  Crown rot severity under e[CO2] in the field 
FCR severity was greater on plants sampled in the 2011 season compared with the 
2010 season (P=0.021) (Figure 3.3; Table 3.4). Plants at crop maturity showed 
significantly greater FCR severity compared with soft dough plants in both seasons 
(P < 0.001), however the difference between the two sampling stages was not as 
large in 2011 (P = 0.015) (Table 3.4). Irrigation treatments had no effect on FCR 
severity, on average, or in either season (P = 0.702). Plot location (P < 0.001) and 
wheat genotype were significant (P < 0.001)  sources of FCR severity variation 
(Table 3.4).  
 
 
Figure 3.3 Mean FCR severity (length of crown rot browning) at each CO2 treatment, sampling stage 
and season. Error bars represent standard error of the mean. CO2 indicates mean of plants sampled 
from elevated CO2 treated rings at either sampling stage soft dough or crop maturity. The data shown 
in this figure is of the raw untransformed data. Statistical significance found using mixed effect model 
analysis is represented by the asterisks, and showed: mature plants had significantly higher FCR 
severity regardless of season *** (P < 0.001); mean FCR severity was significantly higher in 2011 
plants compared to 2010 * (P = 0.021); Regardless of the FCR severity increase between seasons, 
mature plants in 2011 did not show as large of an increase between sampling stages compared to 
2010 * (P = 0.015).  
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3.3.4.1  FCR severity variation among genotypes grown in the field 
In both years, regardless of sampling stage, changes in FCR severity attributed to 
CO2 treatment were not dependent on genotype (P=0.545) (Table 3.4). FCR severity 
on each genotype was dependent on season (P < 0.001) and sampling stage (P = 
0.012). However, the seasonal effect on FCR severity was not dependent on 
sampling stage, or vice versa (P = 0.14) (Table 3.4). During the 2010 season, the 
genotype EGA Wiley showed the least FCR severity followed by Sunco, 2-49, Lang 
and Janz (Table 3.7). Hartog showed the highest mean FCR severity in 2010, 
followed by SB 139, Tamaroi, Frontana and Wyalkatchem. During the 2011 season 
EGA Wiley was again recorded as having the lowest FCR severity followed by 
Sunco, Lang, 2-49, and Yitpi. All genotypes showed the same ranking for FCR 
severity when sampled at soft dough and crop maturity in 2010 (Table 3.7). In the 
2011 season Hartog showed the highest FCR severity, followed by SB 139, 
Drysdale, Frontana, E34 and Tamaroi (Table 3.7). Yitpi showed the largest decrease 
in FCR severity between 2010 and 2011, followed by Lang, Janz and Wyalkatchem; 
while Drysdale, E34 and SB 139 showed the largest increase in FCR severity 
symptom, between the two seasons. Between sampling stages, Hartog showed the 
lowest increase in FCR severity followed by SB 139, Tamaroi, Frontana and 
Wyalkatchem. EGA Wiley showed the largest increase in FCR severity between 
sampling stages, followed by Sunco, 2-49, Lang and Janz. 
 
3.3.5  Extent of fungal colonisation from field inoculated plants at e[CO2] and a[CO2] 
Plants at crop maturity showed significantly greater relative Fusarium biomass 
compared with plants sampled at soft dough regardless of the year when sampled (P 
< 0.001) (Figure 3.4; Table 3.4). CO2 treatment (P = 0.884), Growing season (P = 
0.177), irrigation treatment (P = 0.742), plant height (P = 0.233) and tiller number (P 
= 0.45) had no significant effect on mean relative Fusarium biomass (Table 3.4). 
Genotype (P < 0.001) was the largest source of relative Fusarium biomass variation, 
followed by plot location (P < 0.001). Host genotype showed relative Fusarium 
biomass variation which could partly be explained by the growing season (P = 
0.037). Variation attributed to genotype was not significantly influenced by CO2 
treatment (P = 0.98), sampling stage (P = 1) or a CO2 by sampling stage interaction 
(P = 1) (Table 3.4).  
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Table 3.7 Best linear unbiased predictors (BLUPs) for crown rot severity on each genotype, intercepts 
were set to each season and sampling stage in separate groups. 
Genotype 
2010  
Soft dough
1
 
2011 
(Soft Dough) 
Crop maturity 
(2010) 
EGA Wiley 1.136 1.606 2.337 
Sunco 1.418 1.902 2.561 
2-49 2.506 2.621 3.428 
Lang 2.770 2.497 3.638 
Janz 3.433 3.318 4.166 
Kennedy 3.506 3.711 4.224 
Yitpi 3.582 3.296 4.285 
Magenta 3.630 3.750 4.324 
Drysdale 3.645 5.051 4.335 
L2-120 3.709 4.383 4.386 
E34 3.739 4.687 4.410 
Wyalkatchem 4.046 4.022 4.655 
Frontana 4.085 4.765 4.685 
Tamaroi 4.280 4.664 4.841 
SB 139 4.302 5.186 4.859 
Hartog 4.789 5.445 5.247 
Best linear unbiased predictors (BLUP) generated from crown rot severity mixed effect model; 
1
 predictors of 
2010 soft dough plants; 2011 shows the BLUP change from 2010 to 2011; crop mature 2011 BLUPs not shown 
as there was no significant interaction between season and sampling stage. Table ordered by 2010 soft dough 
 
 
Figure 3.4 Mean relative Fusarium biomass at each sampling stage and CO2 treatment in the 2010 
and 2011 season. Error bars represent standard error of the mean. CO2 indicates mean of plants 
sampled from elevated CO2 treated rings at either sampling stage soft dough or crop maturity. The 
data shown in this figure is of the raw untransformed data. Statistical significance found using mixed 
effect model analysis is represented by the asterisks, and showed: mature plants had significantly 
higher relative Fusarium biomass regardless of season *** (P < 0.001). 
68 
3.3.5.1  Relative Fusarium biomass variation between genotypes in the field 
In the 2010 season, 2-49 contained the least relative Fusarium biomass followed by 
Sunco, EGA Wiley, L2-120, and Yitpi (Table 3.8). In 2011 2-49 again contained the 
least relative Fusarium biomass followed by EGA Wiley, Sunco, Yitpi and Lang. In 
the 2010 and 2011 seasons Frontana contained the highest relative Fusarium 
biomass followed by SB 139, Hartog and Tamaroi. Lang showed the largest 
decrease in relative Fusarium biomass between 2010 and 2011 followed by Yitpi, 2-
49, EGA Wiley and Wyalkatchem. Drysdale showed the largest increase in relative 
Fusarium biomass, between 2010 and 2011, followed by E34, Kennedy and SB 139. 
 
Table 3.8 Best linear unbiased predictors (BLUPs) of relative Fusarium biomass on genotypes 
intercepts set to seasons 2010 and 2011 
Genotype 2010 2011 
2-49 0.986 0.595 
Sunco 1.169 1.051 
EGA Wiley 1.171 0.788 
L2-120 1.437 1.317 
Yitpi 1.582 1.149 
E34 1.584 1.671 
Wyalkatchem 1.615 1.413 
Magenta 1.663 1.508 
Lang 1.676 1.188 
Drysdale 1.685 1.868 
Janz 1.687 1.513 
Kennedy 1.813 1.871 
Tamaroi 2.101 2.033 
Hartog 2.216 2.131 
SB 139 2.222 2.259 
Frontana 2.329 2.292 
BLUPs were generated from relative Fusarium biomass mixed effect model, showing the genotype mean for 
each season. 
 
3.3.6  Changes in crown rot resistance and susceptibility under e[CO2] over two 
AGFACE seasons 
The FCR resistance correlation was significant (P < 0.001) regardless of genotype; 
plants sampled at soft dough correlated with a better fit (adjusted R2 = 0.727) 
compared with plants sampled at crop maturity (adjusted R2 = 0.215). Between 
sampling stages, plants showed a larger increase in relative Fusarium biomass 
compared with the increase in FCR severity (P < 0.001) (Table 3.4; Figure 3.5). 
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Therefore FCR susceptibility was higher on mature plants despite plants showing 
improved FCR resistance in mature plants compared with plants sampled at soft 
dough (P = 0.002).  
 
 
Figure 3.5 FCR resistance and susceptibility correlation on plants at soft dough and crop maturity of 
each season 2010 and 2011.  Points represent the mean fitted values from each micro-plot extracted 
from the relative Fusarium biomass mixed effect model analysis. The slope from the analysis was 
used to interpret the average FCR resistance regardless of genotype. FCR susceptibility was 
determined by the intercept of the correlation. Regression lines produced by R graphing package 
‘lattice’.  
 
FCR susceptibility at soft dough was significantly (P = 0.007) greater in the 2011 
e[CO2] treatments. However, soft dough plants sampled in 2010 showed no FCR 
susceptibility difference between CO2 treatments (Table 3.9; Figure 3.5). Plants at 
crop maturity grown under e[CO2] showed greater FCR susceptibility, regardless of 
season (P = 0.046).  
 
70 
FCR resistance in soft dough plants was significantly (P = 0.01) affected by genotype 
(Table 3.9). L2-120 showed the greatest FCR resistance at soft dough compared 
with all other genotypes, this was closely followed by 2-49, EGA wiley, Sunco, Yitpi 
and Hartog (Table 3.10). Tamaroi showed the lowest FCR resistance compared with 
all other genotypes; followed by Janz, Wyalkatchem, Kennedy, SB139 and Magenta 
(Table 3.10; Figure 3.6). 
 
Table 3.9 Relative Fusarium biomass mixed effect model best linear unbiased estimators (BLUEs) and 
variance of random effects. Analysis is used to define crown rot resistance and crown rot susceptibility. Two 
models are represented in the following table for each sampling stage data subset. 
 Soft dough Crop maturity 
Fixed effects Estimate p value Estimate p value 
Intercept -0.226  0.001 1.549 < 0.001 
CO2 0.061 0.234 -0.319 0.046 * 
Season -0.069 0.313 -0.279 0.428 
FCR severity † 0.186 < 0.001 *** 0.137 < 0.001 *** 
FCR severity : CO2 † 0.004 0.711 0.001 0.978 
Season: CO2 -0.259 0.007 ** -0.040 0.900 
Random effects variance P < log lik variance P < log lik 
Genotype 0.0013 0.067 0.384 < 0.001 *** 
Genotype : FCR severity 0.0004 0.010 ** NA 0.094 
Genotype : CO2 NA NA NA 0.885 
Genotype : Season 0.008 0.0086 ** 0.175 0.009 ** 
Plot location NA 0.072 NA < 0.001 
FCR severity : Season : Genotype NA 0.372 NA NA 
DNA extraction rep 0.0024 < 0.001 0.328 < 0.001 
Residual model variation 0.183 NA 0.5018 NA 
† Estimate values represent the slope of the response variable and scalar predictor ie. crown rot severity. The 
slope from the analysis was used to interpret the average crown rot resistance regardless of genotype. Crown 
rot susceptibility was determined by the intercept of the correlation. Each fixed effect predictor estimate and p 
value shows the mean change in the response variable from the intercept, or for interaction terms, the 
difference between the interaction term and the term without one of the factors. Random effect P values were 
generated using log-likelihood method of model comparison; * P value of <= 0.05, ** P value of <=  0.01, *** P 
value of <  0.00; NA, not applicable 
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3.4  Discussion 
This study took advantage of access to the AGFACE to investigate the effect of 
e[CO2] on FCR resistance (the slope of the correlation FCR severity/ relative 
Fusarium biomass) over two field seasons. The effect of genotype explained a large 
portion of variation in all analyses. FCR incidence also showed significant variation 
between genotypes due to CO2 treatment, this variation was compared to a similar 
interaction in the chapter 2 glasshouse study. Overall the effect of e[CO2] on FCR 
resistance in this experiment was found to be dependent on season and sampling 
stage.  
 
FCR incidence on wheat grown in AGFACE was similar to the results from the 
glasshouse experiment in chapter 2. The AGFACE experiment showed the effect of 
e[CO2] on FCR incidence was dependent on sampling stage and season, 
complementing findings in chapter 2 where the effect of e[CO2] was dependent on 
glasshouse temperature treatment and sampling stage. Both experiments also 
showed the variation in FCR incidence due to e[CO2] was genotype dependent. In 
the AGFACE trial and glasshouse study (Chapter 2), genotypes Sunco, EGA Wiley 
and L2-120, which are known to be less susceptible to FCR also showed the least 
change in FCR incidence under e[CO2] (Table 3.6). Genotype 2-49, which has 
regularly featured in crown rot studies under e[CO2] (Wildermuth et al., 2001, Smiley 
and Yan, 2009, Li et al., 2010, Ma et al., 2010, Melloy et al., 2010, Knight et al., 
2012, Percy et al., 2012, Knight and Sutherland, 2013a), showed the greatest FCR 
incidence decrease due to e[CO2] at soft dough and one of the largest FCR 
incidence increases due to e[CO2] at crop maturity (Table 3.6). The genotype 2-49 
also responded in the same way in mature plants for both e[CO2] and a[CO2] 
treatments in cool temperature glasshouses (Chapter 2) (Table 3.6). These results 
were similar to findings by Melloy et al. (2010), who reported FCR severity on 2-49 at 
crop maturity, increased under e[CO2]. The AGFACE experiment also showed the 
response of FCR incidence due to e[CO2] was dependent on the wheat growth 
stage. . Variation in the response of FCR incidence between soft dough and crop 
maturity may be influenced by the process of plant senescence. One such 
experiment by Zhang et al. (2013) shows that genes associated with senescence 
pathways in wheat are also important in regulating wheat resistance to the biotrophic 
72 
pathogen stripe rust, Puccinia striiformis. The expression of these gene transcripts 
may indicate resistance to stripe rust in wheat through hypersensitive response, 
however in a necrotroph such as Fusarium pseudograminearum it may enhance it’s 
pathogenicity. Crown rot disease assessment on plants at crop maturity may provide 
useful data when evaluating the inoculum potential or saprophytic fitness of the 
pathogen. Although to understand changes in pathogen aggressiveness, CO2 
studies should incorporate multiple sampling stages.  
 
 
Figure 3.6 Crown rot resistance and susceptibility correlation for each genotype grown at AGFACE. 
Each genotype subset by sampling stage, soft dough and crop maturity. The slope from the analysis 
was used to interpret the average crown rot resistance; crown rot susceptibility was determined by the 
intercept of the correlation. Points represent the mean fitted values from each micro-plot extracted 
from mixed effect models of crown rot severity and relative Fusarium biomass. Graphs ordered by 
slope of soft dough genotypes: the lower left shows the lowest and the upper right shows the steepest 
slope. The slope from the analysis was used to interpret the average crown rot resistance regardless 
of genotype. Crown rot susceptibility was determined by the intercept of the correlation. Regression 
lines produced by R graphing package ‘lattice’.  
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Not all genotypes responded in the same manner between experiments, this might 
be due to a number of contributing factors which differ between field and glasshouse 
experiments. Arp (1991) showed plants with roots restricted by a smaller pot volume 
had a different plant source and sink relationship compared with plants in larger pots. 
In that study, plants grown in smaller pots showed a reduced photosynthetic capacity 
in e[CO2] treatments. Field grown plants on the other hand do not have their root 
growth restricted, therefore pots may affect the host-pathogen interactions of 
Fusarium spp. at e[CO2]. Especially considering Fusarium spp. infects the wheat 
stem during FCR between the roots and spike. Temperature (as shown in chapter 2) 
and rainfall variation are often shown to influence FCR incidence (Burgess et al., 
2001, Smiley, 2009, Wildermuth and McNamara, 1994). Rainfall and plant biomass 
from a preceding season can affect FCR incidence in subsequent seasons 
(Backhouse, 2006). Other pathogenic Fusarium species residing saprophytically on 
crop stubble at AGFACE, in addition to the F.pseudograminearum isolate used as a 
seed coat, may also have caused additional variation in FCR symptoms (Akinsanmi 
et al., 2004). Many factors may influence the disease expression between 
glasshouse and field grown plants, thus highlighting the value field based 
experiments such as AGFACE can provide.  
 
Mature plants grown under e[CO2] in 2011 showed significantly higher FCR 
incidence compared to a[CO2] (P = 0.002). Warmer temperatures in 2011 may have 
been the contributing factor to this difference between CO2 treatments. In the 2011 
season, regardless of CO2 treatments, plants sampled at crop maturity showed lower 
incidence than 2010. Despite this, FCR severity in 2011 was on average higher, 
regardless of sampling stage. The higher than average rainfall experienced in the 
2010 season may have been responsible for higher FCR incidence on mature plants 
in this season. This claim can be supported by Smiley (2009) who showed FCR 
incidence has a strong correlation with increases in moisture availability coupled with 
warmer temperatures (Smiley, 2009).  
 
FCR susceptibility was greater on mature plants in both seasons under e[CO2] 
however in the 2011 season FCR susceptibility was higher in e[CO2] treatments in 
the earlier sampling stage soft dough (Table 3.9; Figure 5). One reason for this 
difference may have been average temperatures between seasons, other 
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contributing factors between seasons have been discussed earlier. Few experiments 
have looked at the interaction between CO2 and temperature on plant disease and 
most prior investigation show no interaction. Results in chapter 2 showed warmer 
growing temperatures with e[CO2] increased the FCR incidence and relative 
Fusarium biomass of wheat to F. pseudograminearum earlier in the host 
development. Mikkelsen et al. (2014) showed the interactive effects of e[CO2], ozone 
and temperature on powdery mildew and spot blotch on barley were different to the 
individual effect of each treatment. Combined treatments did not show additive 
effects of each treatment on the diseases. Specifically powdery mildew in combined 
treatments of e[CO2] and temperature showed increased infection compared to 
treatments with a singular environmental factor where infection was lower when 
compared with a[CO2]. Galetto et al. (2011) showed phytoplasmas proliferated faster 
in their host plant, daisy, under e[CO2] and warmer temperatures compared to cool 
temperatures and a[CO2]. McElrone et al. (2010) showed higher Cercospora leaf 
spot severity and incidence in an e[CO2] FACE experiment on redbud and sweetgum 
trees, however there was no significant seasonal climate by CO2 interaction 
(McElrone et al., 2010). F. oxysporum severity did not change on lettuce under either 
e[CO2] or an e[CO2] and warm temperature interaction treatment (Ferrocino et al., 
2013). If plant diseases are to be effectively managed in the future under climate 
change and higher atmospheric [CO2], more work is needed to define host pathogen 
relationships in response to interactive environmental stimuli such as temperature 
and CO2. 
 
Here we found FCR resistance shows a season by CO2 interaction at sampling 
stage soft dough, which might be due to an interaction between CO2 and 
temperature. Yang et al. (2010) has previously shown that some crown rot 
resistance QTLs are likely to be dependent on plant maturity stage. Thus another 
reason why future studies, focusing on host and pathogen interactions under e[CO2], 
should consider reporting on a range of temperature by CO2 treatments with multiple 
sampling stages. 
  
Significant correlations between relative Fusarium biomass and FCR severity, which 
have been used in this study to define FCR resistance, have also been shown in 
previously published studies (Knight et al., 2012, Obanor and Chakraborty, 2014). 
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However, residual variation within some correlations have prompted authors to 
discuss additional factors that contribute to this variation (Stephens et al., 2008, 
Hogg et al., 2010, Melloy et al., 2010). Knight et al. (2012) and Stephens et al. 
(2008) both show that a correlation between stem browning and quantity of 
colonised fungus on seedlings is dependent on time after inoculation and genotype. 
The findings reported in this AGFACE experiment show the FCR resistance 
correlation is similarly dependent on sampling stage and host genotype. The 
variation between genotype in this correlation was useful in resolving differences in 
FCR resistance between seasons and CO2 treatments. 
 
Table 3.10 Crown rot resistance correlation coefficients. Best linear unbiased predictors for each 
genotype at soft dough sampling stage.  
Genotype (Intercept) Slope 
L2-120 -0.1788 0.1510 
2-49 -0.1953 0.1633 
Sunco -0.2091 0.1736 
EGA Wiley -0.2114 0.1753 
Yitpi -0.2118 0.1756 
Hartog -0.2133 0.1767 
E34 -0.2214 0.1828 
Lang -0.2227 0.1838 
Drysdale -0.2304 0.1895 
Magenta -0.2349 0.1928 
SB 139 -0.2352 0.1931 
Frontana -0.2363 0.1939 
Kennedy -0.2365 0.1940 
Wyalkatchem -0.2514 0.2052 
Janz -0.2590 0.2108 
Tamaroi -0.2678 0.2173 
Intercept was interpreted as crown susceptibility and slope was interpreted as crown rot resistance 
 
In this study genotypes known for their quantitative resistance: L2-120, 2-49, EGA 
Wiley and Sunco (Table 2.1) showed greater FCR resistance (Table 3.10; Figure 
3.6). Equally genotypes which are known for their susceptibility: Tamaroi, Janz, 
Wyalkatchem and Kennedy showed lower FCR resistance. When assessing FCR 
resistance between sampling stages on average mature plants show lower FCR 
resistance compared to soft dough sampled plants, this can be explained by the 
nature of the infection over time. As shown in this AGFACE experiment and in the 
glasshouse (Chapter 2), the colonised pathogen grows significantly faster than FCR 
severity progresses between the two sampling stages, soft dough and crop maturity 
(Figure 3.6). Wheat senesces towards the end of ‘grain fill’ between soft dough and 
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crop maturity which appeared to be timed with the increase in relative Fusarium 
biomass. Previous studies have shown FCR infection during grain fill, in the host 
lifecycle, is critical for explaining crop yield losses due to FCR (Burgess et al., 2001). 
Subsequently the quantity of Fusarium biomass which remains on the crop stubble 
serves as inoculum ready to infect the following growing season (Backhouse, 2006).  
 
The FCR resistance correlation also shows that FCR severity at soft dough is a more 
accurate predictor of relative Fusarium biomass, compared to assessing FCR 
severity for relative Fusarium biomass on mature plants. Moreover the FCR severity 
rank of each genotype remained the same between sampling stages while the 
relative Fusarium biomass rank changed indicating that relative Fusarium biomass 
results may be a less reliable assessment of host resistance on mature plants 
compared to soft dough sampled plants.  
 
This study shows that wheat genotype is an important factor in determining FCR 
incidence and FCR resistance under e[CO2], and future studies should look further at 
the interaction of temperature and CO2 over multiple host maturity stages. Future 
studies may also want to consider how the plant responds to infection and e[CO2]. 
For example Malmström and Field (1997) reported oats infected with barley yellow 
dwarf virus showed greater increases in root biomass, water use efficiency and leaf 
carbohydrates in plants at e[CO2] compared to non-infected oats at e[CO2]. 
Interestingly increased stem carbohydrate, has also been cited as a signal for 
pathogen defence (Bolouri Moghaddam and Van den Ende, 2012) and may also 
provide an interesting factor to investigate. In a study by Lake and Wade (2009) 
where, under e[CO2], powdery mildew aggressiveness on Arabidopsis increased, 
and infected plants under e[CO2] showed altered physiological features which 
increased susceptibility to the same pathogen creating positive feedback for 
subsequent infection. Better understanding of altered plant physiological traits, which 
might also impact on host resistance, under e[CO2] may assist plant breeders to 
select more durable resistance under future climate scenarios.  
 
These studies highlight the need for better understanding of plant disease responses 
under e[CO2] conditions. Wheat germplasm with enhanced resistance to FCR under 
e[CO2] may benefit farmers sooner under the present a[CO2] conditions. In this study 
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genotypes previously shown to contain quantitative FCR resistance, such as EGA 
Wiley and Sunco (Yang et al., 2010), also showed lower FCR Incidence under 
e[CO2] (Table 3.5). However L2-120 an experimental genotype with high FCR 
resistance showed higher than average FCR incidence. If cultivars are not tested for 
disease resistance under future climate scenarios resistance might be weakened 
faster than expected. 
 
Research also needs to consider the pathogen response to elevated atmospheric 
[CO2] without host mediation, and how the pathogen responds to the changes in the 
host plant which has been growing under e[CO2]. Factors which enhance the 
aggressiveness of Fusarium, such as mycotoxin deoxynivalenol, could easily be 
quantified and compared between CO2 treatments.  
 
Previous studies have linked both FCR severity and relative Fusarium biomass to 
crop yield losses (Hogg et al., 2007). Elevated [CO2], in most cases, is known to 
increase wheat grain yield (Wheeler et al., 1996), however if FCR infection is present 
and exacerbated by e[CO2], accurately defining yield loss may well be somewhat 
difficult. Nevertheless future work should incorporate assessments of altered host 
and pathogen interactions under e[CO2] on plant yield. Maintaining and improving 
grain yield potential under climate change, to address food security concerns, is still 
the ultimate goal of most agricultural research today (Porter et al., 2014). 
 
This experiment shows FCR incidence, host susceptibility and resistance are 
affected by increases in CO2. These CO2 mediated changes in host and pathogen 
interactions are dependent on growing climate, host genotype and maturity stage. 
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Chapter 4: The effect of elevated CO2 on crown rot toxigenic potential and 
infected grain yield in field grown wheat  
 
4.1  Introduction 
Climate change poses a risk to future food security, potentially causing reductions in 
crop yield and quality with cereal crop diseases likely to be an important factor 
contributing to such losses (Porter et al., 2014). The wheat pathogens Fusarium spp. 
exemplify this threat to food security; they regularly reduce potential grain yield and 
produce the trichothecene mycotoxin, deoxynivalenol (DON), which reduces grain 
quality (Audenaert et al., 2014, Obanor and Chakraborty, 2014). Globally, 
mycotoxins contaminate approximately 25% of food crops and pose potential health 
risks to humans and livestock that consume the contaminated grain (Pinton and 
Oswald, 2014, Nicholson et al., 1998). DON contaminated grain is especially 
prevalent throughout Europe and occasionally in Australia (Obanor et al., 2013) 
however the mycotoxin remains an issue worldwide inflicting significant economic 
costs to farmers (Audenaert et al., 2014). In humans and livestock, the effects of 
DON consumption causes necrosis to the intestinal lining, induces vomiting, reduces 
growth hormone production and reduces weight gain (Pinton and Oswald, 2014). On 
a cellular level the mycotoxin has been shown to inhibit protein synthesis, weaken 
cell membrane integrity and induce apoptosis (Audenaert et al., 2014). During plant 
infection Fusarium spp. produce DON, and a barrage of effector molecules (Kazan 
and Lyons, 2014), which increase disease incidence and assist host colonisation by 
inducing necrosis at the site of infection (Desmond et al., 2008).  
 
Fusarium culmorum, F. graminearum and F. pseudograminearum are known DON 
producing species (Chelkowski et al., 1999). These species and other Fusaria are 
also capable of producing similar mycotoxins such as nivalenol, nivalenol isoforms 
and DON isoforms such as 3-acetyl-deoxynivalenol and 15-acyetl-deoxynivalenol 
(Chelkowski et al., 1999). DON producing Fusarium species have been shown to 
cause Fusarium head blight (FHB) when infecting wheat or barley through the spike, 
and crown rot (FCR) when infecting wheat through the stem base (Obanor and 
Chakraborty, 2014). In Australia, F. graminearum is the predominant species 
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associated with FHB, the pathogen infects spikes at anthesis under warm and wet 
environmental conditions (Obanor et al., 2013). Fusarium head blights primary 
concern for growers is the DON which is produced in the spike, contaminating the 
grain (Obanor and Chakraborty, 2014). DON has also been shown to translocate 
from FCR infection in the stem to the spike, however the quantity which is detected 
in the grain from this path has been shown as less than DON produced in the grain 
from FHB (Covarelli et al., 2012, Tunali et al., 2012).  
 
Mycotoxin forecasting models, used to predict the risk of DON contamination in 
wheat and maize crops, are predominantly based on environmental conditions and 
the fungal inoculum availability (Nichols, 2014). One such model published by 
Schaafsma and Hooker (2007) estimates that variation in Fusarium DON production 
can be explained as 48% by environmental interactions, 27% by genotype, and 14% 
to 28% by the residue from the previous season’s crop. A different model developed 
by Rossi et al. (2003) predicts DON contamination by calculating the risk of 
Fusarium infection in the spike using measurements of sporulation rate, spore 
dispersal rate, infection rate, host growth stage and incidence rate. Parikka et al. 
(2012) estimates that in Europe, Fusarium mycotoxin contamination in cereal grains 
are expected to become more problematic due to warmer temperatures and 
increased humidity as a result of climate change. However, none of these studies 
have accounted for changes in Fusarium toxigenic potential, or the possible 
influence of elevated atmospheric [CO2] on pathogen infection. 
 
A review by Magan et al. (2011) acknowledged the lack of data published on 
mycotoxin production in planta under elevated CO2 (e[CO2]). The studies cited in the 
review used CO2 concentrations well above future atmospheric predictions and 
predominantly focused on mycotoxin production during post-harvest storage. 
Previous studies which focus on DON production in wheat have been mainly on FHB 
and relate DON in the grain to factors which influence inoculum load, host 
colonisation or symptom severity (Audenaert et al., 2014, Wegulo, 2012). Only a 
handful of studies have focused on DON in wheat plant stems and/or crown (Mudge 
et al., 2006, Tunali et al., 2012, Obanor et al., 2013), and of these studies only one 
(Obanor and Chakraborty, 2014) has assessed DON production, per quantity of 
colonised pathogen, to determine factors which increase toxigenic potential. In 
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maize, Vaughan et al. (2014), showed fumonisin mycotoxin production was not 
affected by e[CO2], even though susceptibility to F. verticillioides increased. At the 
time of writing there were no other known published studies which have assessed 
the effect of temperature on toxigenic DON production in the stem. However some 
reports show warmer temperatures (25°C – 30°C) have been linked to greater 
average DON through increased FHB incidence (Wegulo, 2012). More work is 
needed to determine how water availability, humidity and temperature may influence 
Fusarium toxigenic potential under e[CO2] in the stem and grain of wheat. 
 
Under e[CO2], crop yield and productivity are generally shown to increase; an 
estimate generated from an average of previous FACE studies predicts wheat grain 
yield is likely to increase by approximately 15% (Ainsworth and Long, 2005). The 
effect of disease severity on these wheat productivity gains have not been 
adequately scrutinized by correlating disease severity to crop productivity. Some 
studies have investigated potential crop productivity loss due to plant disease under 
ambient and e[CO2]; Huang et al. (2012) showed an improvement in tomato 
aboveground biomass regardless of tomato leaf curl virus infection grown under 
e[CO2] compared with ambient CO2 concentration (a[CO2]). Malmström and Field 
(1997) showed barley yellow dwarf virus infected oat plants treated with e[CO2] 
significantly gained plant biomass compared to healthy plants under e[CO2]. In 
chapter 2 FCR severity and plant biomass were negatively correlated, a correlation 
that did not differ whether the wheat plants were grown in a[CO2] or e[CO2]. At the 
time of this writing no other such study was found to have compared the effect of 
FCR grain weight losses between a[CO2] and e[CO2].  
 
The aims of this study were to determine i) if wheat genotype influences the 
toxigenic potential of the Fusarium at e[CO2]; ii) investigate the effect of wheat 
genotype on the relationship between DON and FCR severity and iii) determine if 
e[CO2] influences FCR tolerance by measuring grain weight on a selection of wheat 
genotype influences. 
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4.2  Materials and Methods 
4.2.1 AGFACE experimental design 
Details of the experimental design, field conditions, sampling and processing are 
described in chapter 3. Methods for FCR severity and relative Fusarium biomass 
disease assessment, which are used in the analysis of toxigenic potential and FCR 
tolerance, are also detailed in chapter 3. This experiment was conducted in the 
Australian Grains Free-Air CO2 Enrichment (AGFACE) facility in Horsham Victoria 
(PICCC, 2014). Within the larger program of research operating at the AG-FACE 
facility, eight 16 m a[CO2] and e[CO2] rings were allocated for wheat experiments. 
These were subsequently divided into four quarters; two quarters contained one plot 
allocated for pathology research, 145 cm width x 4 m length (Chapter 3.2.2). Each of 
the 16 pathology plots were divided into 16 micro-plots; three rows x 50 cm length 
and sixteen genotypes (described in chapter 2) were randomly sown into these 
micro-plots (Chapter 3.2.4).  
 
Plants were sampled to coincide with plant maturity stages ‘soft dough’ (Zadocks 
maturity scale 8.3 (Zadoks et al., 1974)) and ‘crop maturity’, (Zadocks maturity scale 
9.2) in both the 2010 and 2011 growing seasons (Chapter 3.2.5). 
 
4.2.2  Sample processing and stem deoxynivalenol concentration determination 
Subsequent to FCR severity assessment (Chapter 3.2.6), wheat plants were cut 
15cm from the plant base and stem sections from the same micro-plot were pooled 
and stored at -15°C before being freeze-dried. Freeze-dried samples were stored in 
sealed plastic bags containing silica beads to minimise rehydration from ambient 
humidity. Stem sections were ground to a powder on a Foss cyclotech mill 
(Hilleroed, Denmark) with a 1.5 mm mesh screen and stored in sealed plastic bags. 
One gram of ground stem sample was partitioned into a 50 ml falcon tube (Corning) 
containing 25 ml of deionised water. Samples were placed on an orbital shaker 
(KD501D) at 200 rpm for 5 minutes, then centrifuged at 3000 rpm for 10 minutes in a 
Sigma (4K15) centrifuge. Approximately 15 ml of the supernatant was decanted into 
a 15ml Falcon tube (Corning) and stored at 4°C before DON analysis. Quantitative 
DON detection was determined using AgraQuant Deoxynivalenol ELISA kit (Romer 
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labs, Singapore Pte Ltd). Samples were diluted 1:10 before following the 
manufacturer’s instructions. Samples higher than 5 ppm were repeated at dilution of 
either 1:50 or 1:100. 
 
 
4.2.3  Statistical analysis and inference of toxigenic potential and grain weight 
Toxigenic potential was calculated from a linear mixed effect model where DON 
concentration was the response variable and relative Fusarium biomass was the 
scalar predictor (Table 4.1). The intercept and slope estimate generated from the 
relative Fusarium biomass predictor shows the estimated DON produced per 
measurement of relative Fusarium biomass and was used to interpret toxigenic 
potential. Model terms: season, sampling time, and CO2 treatment were used to 
show the change in toxigenic potential between soft dough and crop maturity in each 
of the AGFACE CO2 treatments and seasons. Genotype toxigenic potential was 
calculated using the same model; the best linear un-biased predictors (BLUPs), 
where scalar estimator relative Fusarium biomass was used in place of the intercept, 
showed the slope, or toxigenic potential, of each genotype. (Table 4.1).  
   
Grain weights from soft dough plants sampled in 2011 were determined from the 
three plants destructively sampled for FCR and DON assessments. At crop maturity 
all wheat spikes from each micro-plot were harvested and pooled. Bagged samples 
were placed at -20°C for 2 weeks to eliminate vermin then the samples were stored 
in dehydrators which circulated air at ambient temperatures until further processing. 
Wheat spikes were threshed and the grains separated from the chaff. Seeds were 
counted and weighed to obtain 1000 grain weights. Grain weights were not 
determined in 2010 due to a weevil infestation, which would have compromised the 
results. The association between grain weight and FCR severity was used to 
determine FCR tolerance. 
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Table 4.1 Mixed effect model parameters 
Response variable Fixed effects Random effects 
a 
√𝐃𝐞𝐨𝐱𝐲𝐧𝐢𝐯𝐚𝐥𝐞𝐧𝐨𝐥 
 √Relative Fusarium biomass  x  Sampling stage  x  Season  x CO2 treatment (Sampling stage|genotype) + (1|plot)  
 
√𝐃𝐞𝐨𝐱𝐲𝐧𝐢𝐯𝐚𝐥𝐞𝐧𝐨𝐥  √FCR severity  x  Sampling stage  x  Season   (√FCR severity  ∶ CO2 treatment|genotype) + (1|plot) + (1|tillers)  
b (𝐆𝐫𝐚𝐢𝐧 𝐰𝐞𝐢𝐠𝐡𝐭)𝟐  √FCR severity  x  CO2treatment  x  Sampling time +  mean tiller height   (√FCR severity  ∶ sampling time|genotype) + (1|plot)  
c (𝐆𝐫𝐚𝐢𝐧 𝐰𝐞𝐢𝐠𝐡𝐭)𝟐  
- Soft dough plants 
√FCR severity  x  CO2treatment +  mean tiller height   (1 + √FCR severity  ∶ |genotype) + (1|plot)  
c (𝐆𝐫𝐚𝐢𝐧 𝐰𝐞𝐢𝐠𝐡𝐭)𝟐  
- Mature plants 
√FCR severity  x  CO2treatment +  mean tiller height   (1 + √FCR severity  ∶ |genotype) + (1|plot)  
Mixed effect model inputs used to explain: 
a
 toxigenic potential, 
b
 overall 2011 grain weight, and grain weight models subset by 
c
 soft dough and harvest maturity. All models 
were fit to reduced estimate maximum likelihood assuming gaussian distributed data. Grain weight response variable was squared. ‘(1 + √FCR severity  ∶ |genotype)’ 
indicates where the random factor, wheat genotype, with a fixed intercept (1) and slope generated for co-variate FCR severity.  
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Linear mixed effect models were used to analyse data in the statistical program R 
(Team, 2014) using the lme4 package (Bates et al., 2011). The method of model 
building and statistical analysis was as described previously in chapter 2. Random 
effect significance was determined by model comparison using log-likelihood ratio 
test between a model incorporating the particular random effect, and a model without. 
Response variable ‘DON in stem base’ was square-root transformed, and ‘1000 grain 
weight’ squared to help balance residual error in the model (Table 4.1). The square-
root of scalar variable FCR severity was incorporated in all models, except the 
toxigenic potential model, as a fixed effect and as a random effect (Table 4.1). The 
grain weight model was analysed as a whole and subset by sampling time to further 
explore FCR tolerance, which is defined here by the grain weight variation attributed 
to FCR severity on each genotype. A simple linear model was used to obtain the 
toxigenic potential correlation coefficient R2. R statistical packages: lattice, ggplot2, 
coda (Plummer et al., 2006), gridExtra and plyr, were used in the preparation and 
presentation of data.  
  
 
4.3  Results  
4.3.1  Toxigenic potential of Fusarium between wheat genotypes at a[CO2] and 
e[CO2] in the field 
Regardless of season and sampling stage, the concentration of DON in plant stems 
significantly correlated with relative Fusarium biomass (adjusted R2 = 0.648) (P < 
0.001), this correlation was stronger at soft dough (adjusted R2 = 0.778) compared 
with crop maturity (adjusted R2 = 0.428).  
 
Mature plants from the 2010 season which contained lower relative Fusarium 
biomass, produced a greater relative amount of DON indicated by a significantly 
lower slope (P < 0.001) but higher intercept (P < 0.001) than the 2011 season (Table 
4.2). Mature plants from 2010 with higher relative Fusarium biomass produced less 
DON than the other sampling times and seasons, regardless of genotype and CO2 
treatment (Table 4.2; Figure 4.1).  
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Table 4.2 AGFACE toxigenic potential mixed effect model output, estimating the differences in 
toxigenic potential (deoxynivalenol per quantity of relative Fusarium biomass) between sampling time, 
season, and CO2 treatment. 
Response variable 
Square root(deoxynivalenol) 
Slope‡/Estimate Standard error P value 
 
Intercept 1.103 0.272 < 0.001 *** 
Sampling time 2.660 0.546 < 0.001 *** 
Season 0.048 0.373 0.898  
Relative Fusarium biomass 2.808 0.199 < 0.001 *** 
CO2 treatment -0.040 0.418 0.924  
Season : Sampling time -4.438 0.722 < 0.001 *** 
Relative Fusarium biomass  : Season -0.103 ‡ 0.254 0.686  
Relative Fusarium Biomass  : Sampling time -2.191 ‡ 0.255 < 0.001 *** 
Relative Fusarium biomass : CO2 treatment 0.038 ‡ 0.304 0.902  
CO2 treatment : Season  -0.083 0.606 0.891  
CO2 treatment : Sampling time  -1.646 0.838 0.05 * 
Season : Sampling time : Relative Fusarium 
biomass 
2.125 ‡ 0.344 < 0.001 *** 
Season : Sampling time : CO2 treatment 3.180 1.144 0.006 ** 
Season : Relative Fusarium biomass : CO2 
treatment 
0.576 ‡ 0.406 0.156  
Sampling time : Relative Fusarium biomass : CO2 0.389 ‡ 0.415 0.348  
Season : Sampling time : Relative biomass : CO2 -0.990 ‡ 0.558 0.0767  
Random effects Variance Standard 
Deviation 
P value  
Genotype 0.089 0.2994 0.024 † * 
Genotype : Relative Fusarium biomass na Na 0.054 †  
Genotype : Season 0.179 0.4226 0.049 † * 
Genotype : CO2 Na Na 0.836 †  
Genotype : Sampling time 0.509 0.5087 0.003 †   ** 
Plot location 0.127 0.1272 < 0.001 † *** 
Genotype : Season : Sampling time na Na 0.952 †  
Residual 2.596 1.6113   
Estimate, represents the change in intercept, ‡ Slope indicates the change in slope; † significance generated by 
an anova of two models. * P value of < 0.05; ** P value of < 0.01; *** P value of < 0.001. Random effects which 
were not significant were not kept in the model and removed, and no variance or standard deviation stated.  
 
In 2011 there was a significant increase in the proportion of relative Fusarium 
biomass compared to DON between sampling stages and therefore the 2011 plants 
at crop maturity contained Fusarium with lower toxigenic potential (P < 0.001). Plants 
sampled at soft dough, in either season, showed no significant difference in toxigenic 
potential between e[CO2] and a[CO2] treatments (Figure 4.1) (P = 0.156) (Table 4.2). 
Mature plants in 2010 grown under e[CO2] showed a lower toxigenic potential 
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compared to a[CO2] (P = 0.05). Mature plants sampled from e[CO2] rings in 2011, on 
average, showed a higher toxigenic potential compared with plants grown at a[CO2] 
(P = 0.006).  Variation attributed to genotype (P = 0.024) and plot location (P < 0.001) 
(Table 4.2) provided a better resolution of the toxigenic potential of Fusarium under 
the experimental conditions.  
 
 
Figure 4.1 Toxigenic potential at each sampling time and season. Each point represents the mean 
micro-plot measurement from the raw untransformed data. Regression lines generated by graphing 
package lattice.  
  
Genotype was not a factor influencing stem DON concentration between CO2 
treatments (P = 0.836). The variation in DON concentration between genotypes was 
significantly affected by season (P = 0.049) and sampling time (P = 0.003), however 
this variation was not influenced by a combination of sampling time and season (P = 
0.952) (Table 4.2). On average in 2010 and 2011, Sunco, Magenta, Yitpi and Lang 
showed the lowest stem DON concentrations, and Hartog, L2-120 and E34 showed 
the highest stem DON concentrations (Table 4.3). Hartog, L2-120, E34 and SB 139 
showed the greatest increases in DON between 2010 and 2011; Sunco, Magenta, 
Yitpi and Lang showed the greatest reduction between 2010 and 2011. On average 
at soft dough stage, Tamaroi contained the lowest stem DON concentration and 
Hartog contained the highest (Table 4.3). At crop maturity, Sunco contained the least 
DON, and L2-120 contained the highest DON concentration. Sunco also showed the 
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least increase in DON between sampling times, L2-120, Drysdale and Tamaroi 
showed the largest increase between sampling times (Table 4.3). 
 
Table 4.3 Toxigenic potential best linear un-bias predictors (BLUPs) for each genotype at each 
season, regardless of sampling stage; and each sampling stage, regardless of season. BLUPs 
generated from mixed-effect model analysis of deoxynivalenol and co-variates relative Fusarium 
biomass. Ordered by 2010. 
 
2010 2011 
Soft 
dough 
Crop 
Maturity 
Sunco 1.019 0.702 1.264 2.701 
Magenta 1.022 0.719 0.975 3.260 
Yitpi 1.029 0.759 0.963 3.572 
Lang 1.047 0.868 1.161 3.588 
Tamaroi 1.065 0.970 0.730 3.942 
Janz 1.065 0.971 1.055 3.778 
2_49 1.069 0.993 0.998 3.647 
Kennedy 1.076 1.034 1.207 3.353 
EGA Wiley 1.078 1.049 0.983 3.707 
Frontana 1.091 1.125 1.091 3.735 
Wyalkatchem 1.114 1.262 1.020 4.057 
Drysdale 1.156 1.505 1.002 4.225 
SB 139 1.161 1.532 1.327 3.442 
E34 1.195 1.732 1.327 3.988 
L2-120 1.227 1.921 1.004 5.077 
Hartog 1.238 1.984 1.542 4.130 
 
4.3.2  The effect of genotype on the relationship between DON and FCR severity at 
a[CO2] and e[CO2] 
DON was significantly correlated to FCR severity (R2 = 0.738) (P < 0.001) regardless 
of sampling time or season (Table 4.4). Elevated CO2 treatment had no significant 
effect on the relationship between DON and FCR severity between seasons, 
sampling stage and genotype. Plants sampled at crop maturity in 2010 with high FCR 
severity ratings in 2010 showed less stem DON compared to all other sampling times 
indicated by a greater average DON (P = 0.03) and a lower slope (P = 0.016) 
compared with soft dough (Table 4.4; Figure 4.2). Mature plants in 2011 showed 
plants with high FCR severity contained more DON compared to mature plants in 
2010; indicated by a significantly greater slope (P = 0.002), however the slope 
showed no difference between seasons in soft dough plants.  
 
Variation in DON due to host genotype significantly influenced the FCR severity slope 
(P = 0.014) (Table 4.4). 2-49 contained the least amount of DON per measurement of 
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FCR severity followed by Yitpi and Sunco; Lang showed the highest DON per 
measurement of FCR severity followed by Janz and Hartog (Figure 4.3) (Table 4.5).  
 
 
Table 4.4 AGFACE deoxynivalenol correlation to crown rot severity mixed effect model output, 
estimating the differences in deoxynivalenol associated crown rot severity (deoxynivalenol per crown 
rot severity rating) between sampling time, season, and CO2 treatment. 
 
Response variable 
Square root(Deoxynivalenol) 
Slope‡/Estimate 
Standard 
Error 
P value 
 
Intercept -0.030 0.347 0.930  
FCR severity 0.621‡ 0.045 < 0.001  *** 
Season -0.130 0.482 0.788  
Sampling time 1.493 0.708 0.035 * 
CO2 0.279 0.530 0.599  
FCR severity  :  Season -0.064‡ 0.051 0.216  
FCR severity  :  sampling stage -0.200‡ 0.084 0.018  * 
Season  :  sampling time -0.999 0.812 0.219  
Season  :  CO2 -0.866 0.745 0.247  
FCR severity  :  CO2 -0.060 0.059 0.304  
FCR severity  :  Season  :  Sampling time 0.279‡ 0.095 0.003 ** 
Random effects Variance Standard 
Deviation 
P value  
Genotype 0.013 0.115 < 0.001 † *** 
Genotype : FCR severity 0.0059 0.077   0.014 † * 
Genotype : Season na na   0.802 †  
Genotype : CO2 na na   0.993 †  
Genotype : sampling time 0.350 0.591   0.025 † * 
Plot location 0.335 0.579 < 0.001 † *** 
Residual 2.709 1.65 na  
FCR – crown rot; Estimate, represents the change in intercept, ‡ Slope indicates the change in slope; † 
significance generated by an anova of two models. Random effects which were not significant were not kept in 
the model and removed, and no variance or standard deviation stated. 
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Figure 4.2 Correlation of stem deoxynivalenol and crown rot severity from each sampling time, soft 
dough and crop maturity in 2010 and 2011. Pink colour represents plants sampled from ambient plots 
and blue represents plants sampled from elevated CO2 treated rings. Each point represents the mean 
micro-plot measurement from the raw untransformed data. Regression lines generated by graphing 
package lattice. 
 
 
Figure 4.3 Correlation of deoxynivalenol and crown rot severity on each genotype at each sampling 
stage regardless of season or CO2 treatment. Each point represents the predicted values extracted 
from the model for each micro-plot. Regression lines generated by graphing package ‘lattice’. See 
table 5 for breakdown. 
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Table 4.5 Deoxynivalenol and crown rot browning correlation best linear non-biased predictors for 
each genotype  
Genotype Intercept Slope 
2_49 0.335 0.386 
Yitpi 0.148 0.532 
Sunco 0.134 0.554 
L2-120 0.102 0.575 
Drysdale 0.096 0.576 
Frontana 0.088 0.585 
Magenta 0.074 0.587 
EGA Wiley 0.077 0.588 
Tamaroi 0.035 0.621 
Wyalkatchem 0.016 0.632 
E34 0.020 0.634 
SB 139 0.015 0.635 
Kennedy 0.005 0.645 
Hartog 0.008 0.649 
Janz -0.015 0.657 
Lang -0.030 0.671 
 
 
4.3.3  Grain weight and FCR tolerance under a[CO2] and e[CO2] 
CO2 treatment had no significant effect on mean grain weight in soft dough plants 
sampled in 2011. Mature plants however produced significantly higher mean grain 
weights in e[CO2] rings compared to ambient (P = 0.006) (Figure 4.4). Mean FCR 
severity was significantly correlated to lower mean grain weights (P < 0.001) 
regardless of sampling time, this would serve as a baseline for FCR tolerance (Table 
4.6). FCR infected mature plants sampled from e[CO2] treatments showed lower FCR 
tolerance, measured by a 53% greater rate of grain weight loss due to FCR severity 
(Figure 4.5), compared with the rate of loss in a[CO2] (P = 0.049) (Table 4.6). Mature 
plants produced a significantly higher mean grain weight than soft dough sampled 
plants (P < 0.001). Plot location was a significant source of grain weight variation (P < 
0.001) and taller plants, extrapolated from mean tiller length, were on average found 
to produce higher grain weight (P = 0.002). Mean grain yield between irrigated plots 
and rain-fed in 2011 showed no difference (P = 0.830) (Table 4.6).  
 
Genotype accounted for a significant portion of the grain weight variation (P < 0.001) 
(Table 4.6). Sampling time (P < 0.001) and FCR severity (P = 0.006) of each cultivar 
was also significant in explaining the grain weight variation. To investigate FCR 
tolerance on the variation in genotype grain yield, the model was subset by sampling 
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time (Table 4.1). At soft dough L2-120 showed greatest FCR tolerance followed by 
Frontana, Lang, 2-49, Sunco and Janz (Table 4.7). SB 139 showed the lowest FCR 
tolerance at soft dough followed by Tamaroi, Wyalkatchem, E34 and Kennedy. In 
mature plants Janz showed the greatest FCR tolerance followed by 2-49, Lang, E34 
and L2-120. Tamaroi showed the lowest FCR tolerance followed by SB 139, 
Kennedy and Yitpi. On average SB 139, Tamaroi, Kennedy and Yitpi produced the 
highest 1000 grain weights at crop maturity; and 2-49, Janz Lang and L2-120 
produced the lowest grain weights (Table 4.7).  
 
 
 
Figure 4.4  Mean 1000 grain weights of plants sampled from each CO2 treatment and sampling time in 
2011. Bars indicate one standard error of the mean. The data shown in this figure is of the raw 
untransformed data. Statistical significance found using mixed effect model analysis is 
represented by the asterisks. Asterisks over ambient maturity show difference in significance 
between sampling stages, significance stars over CO2 treatments show significance 
between CO2 treatments of the respective sampling stage. 
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Table 4.6 Overall 2011 crown rot tolerance and grain weight mixed effect model best linear unbiased 
estimators and variance of random effects. 
Fixed effects Estimate p value 
Intercept 645.917 < 0.001 
CO2 -82.572 0.345 
2011 NA NA 
Crop maturity 359.888 < 0.001 *** 
Irrigation -52.63 0.830 
Mean plant height 0.680 0.002 ** 
FCR severity -18.444 < 0.001 *** 
Tiller number  0.089 
Crop maturity : CO2 298.907 0.006 ** 
FCR severity : Crop maturity -1.736 0.824 
CO2 : Irrigation -83.88 0.418 
CO2 : FCR severity 12.806 0.0953 
Crop maturity : CO2 : FCR severity -22.631 0.049 * 
Random effects variance P < log lik 
Genotype 150631 < 0.001 *** 
Genotype : FCR severity na 0.006  ** 
Genotype : sampling time na < 0.001 *** 
Genotype : sampling time : FCR 
severity 
251 < 0.001 *** 
Genotype : CO2 na 0.2865 
Sampling time : CO2 : Genotype na 1 
Plot location 10864 < 0.001 *** 
Number of tillers per plant na 0.0898 
Residual model variation 43519 na 
FCR – crown rot; Crown rot tolerance, the grain weight variation in the model attributed to crown rot severity 
on each genotype, Random effects which were not significant were not kept in the model and removed, and no 
variance or standard deviation stated. Interaction terms genotype : crown rot severity and genotype : sampling 
time don’t show variance as models were subset. 
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Table 4.7 2011 crown rot tolerance of each genotype as described by grain weight and crown rot 
severity correlation best unbiased linear predictors for each genotype at each sampling time. 
 
Soft dough Crop Mature 
 
Intercept 
FCR severity 
slope 
Intercept 
FCR severity 
slope 
Tamaroi 28.008 -0.585 44.368 -0.648 
SB 139 35.909 -0.756 44.514 -0.559 
Kennedy 23.969 -0.497 35.297 -0.355 
Yitpi 19.705 -0.405 34.481 -0.303 
Hartog 19.566 -0.402 31.377 -0.284 
Wyalkatchem 25.890 -0.539 33.506 -0.284 
Sunco 15.459 -0.313 32.286 -0.283 
EGA Wiley 19.286 -0.396 33.609 -0.268 
Magenta 20.332 -0.418 34.236 -0.238 
Frontana 13.257 -0.265 33.087 -0.218 
Drysdale 23.143 -0.479 33.043 -0.211 
L2-120 8.205 -0.155 29.225 -0.180 
E34 24.010 -0.498 32.681 -0.163 
Lang 13.386 -0.268 28.996 -0.136 
2_49 14.857 -0.300 28.051 -0.086 
Janz 18.738 -0.384 28.591 -0.051 
Crown rot tolerance, the grain weight variation in the model attributed to crown rot severity on each 
genotype, 
 
 
 
 
Figure 4.5 Overall crown rot tolerance at crop maturity between CO2 treatments, correlation of grain 
weight and crown rot severity at crop maturity 2011 for CO2 treatment. crown rot tolerance is defined 
by the grain weight variation in the model attributed to crown rot severity on each genotype. 
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4.4  Discussion 
This study shows that e[CO2] could increase or decrease the toxigenic potential of 
the Fusarium spp. pathogens in wheat. The e[CO2] effect on toxigenic potential is 
dependent on wheat stage growth stage and seasonal effects. The e[CO2] treatment 
did not influence the relationship between DON and FCR severity, however wheat 
genotype, irrespective of CO2 treatment, significantly influenced the relationship. 
Crop mature wheat in the e[CO2] treatment showed less FCR tolerance as severity 
increased compared with a[CO2].  
  
The toxigenic potential in mature plants from the 2010 season was lower in e[CO2] 
treatment rings (P = 0.05); however the toxigenic potential in the 2011 season mature 
plants was higher in the e[CO2] treatment (P = 0.006). Seasonal weather conditions 
were likely to have played a role in the toxigenic potential at crop maturity in 2010 
and in plants grown at e[CO2]. The 2010 season experienced an atypical high rainfall 
event between the two sampling times, soft dough and crop maturity, (chapter 3, 
table 3.3) which may have influenced Fusarium infection and DON production. It is 
well established that crown rot thrives in drier conditions (Smiley, 2009, Burgess et 
al., 2001). The 2011 season was drier, and on average warmer than the 40 year 
weather mean for the experiment location in Horsham (Bureau of Meteorology, 2014) 
with exception to November, when more than double the long term mean rainfall for 
this month was recorded (Chapter 3, table 3.3). Toxigenic potential was previously 
shown by Obanor and Chakraborty (2014), to be influenced by time of planting; 
implying that seasonal climate variation affects toxigenic potential. The results by 
Obanor and Chakraborty (2014) complement the findings reported here, that in 
addition to e[CO2], growing climate and weather conditions influence the toxigenic 
potential of Fusarium. Future studies should seek to better understand the influence 
of temperature and moisture on Fusarium infected wheat plants. DON prediction 
models currently used in Northern America (Schaafsma and Hooker, 2007, Nichols, 
2014) and Europe (Rossi et al., 2003) are heavily reliant on weather conditions to 
predict the risk of DON, however these models are tuned to estimate DON 
contamination in the grain, and are estimating the likelihood of increased FHB 
infection and not the toxin production potential of the pathogen. If the influence of 
e[CO2] on DON toxigenic potential is dependent on rainfall and temperature 
 95 
 
conditions. DON models will need constant refining in the future as climate change 
and increasing atmospheric CO2 may introduce a greater error into these models.    
 
The difference between relative Fusarium biomass and stem DON between sampling 
stages resulted in lower toxigenic potential in mature plants compared to soft dough 
plants (Table 4.2). Plants grown in the 2011 e[CO2] treatment did not show the same 
decrease in toxigenic potential and as a result contained significantly higher stem 
DON (P = 0.006). The lower toxigenic potential at a[CO2] in mature plants might be 
as a result of the pathogen switching to a saprophytic lifestyle where DON is less 
important for fitness. Tunali et al. (2012) showed lower DON production during the 
saprophytic stage of the Fusarium lifecycle. Despite lower DON production as a 
saprophyte, Audenaert et al. (2014) speculated that DON production during the 
saprophytic stage still has an important role in the fitness of the fungi. This finding 
has implication for further research on toxigenic potential or use for farm diagnostics 
to predict DON contamination in mature plants. 
 
The difference in toxigenic potential due to e[CO2] treatment was not significantly 
different between genotypes. However season and sampling stage, separately, both 
influenced the toxigenic potential between genotypes which shows seasonal climate 
and plant maturity stage respectively influence DON production. Genotypes, such as 
L2-120 and Sunco, which have previously shown moderate resistance (chapter 2) 
(Smiley and Yan, 2009) to the FCR pathogen were shown in this study to contain 
Fusarium spp. producing differing toxigenic potentials between them. The average 
toxigenic potential in L2-120 was higher at crop maturity compared to other 
genotypes (Table 4.3). Sunco on the other hand, which is also known for moderate 
resistance to FCR, was shown to cause a lower average toxigenic potential between 
seasons compared to other genotypes. Toxigenic potential variation which can be 
attributed to the host genotype may reflect a specific pathogen response to host 
defences. If DON production in the stem and grain can be managed through plant 
breeding it might be possible to limit DON contamination improving the quality of 
yields. Such a strategy may need to utilize genetically modified germplasm to achieve 
this goal. Investigation into how host genotype may influence DON production should 
start by assessing associations between DON production pathways and variation in 
gene expression in a selection of wheat of germplasm. 
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Stem DON concentration correlated very well with FCR severity and was not 
influenced by e[CO2] treatment. Despite the close association between DON 
concentration and FCR severity previous findings by Mudge et al. (2006) have shown 
DON is not needed to produce FCR symptoms. Chapter 3 showed that in e[CO2] 
caused an increased FCR susceptibility, a greater average FCR severity per quantity 
of relative Fusarium biomass in mature plants. This implies the e[CO2]  effect on host 
and pathogen interactions is not likely based on the host susceptibility mycotoxin 
DON. 
 
Variation in the DON concentration and FCR severity correlation between genotypes 
did reveal some genotypes showed more FCR severity per unit of DON compared to 
others genotypes. The correlation between stem DON and FCR severity was 
improved by accounting for the variation of each genotype. Genotypes which showed 
lower slopes: 2-49, Yitpi, Sunco and L2-120 can be interpreted three ways: 1) the 
specific host pathogen relationship suppresses the quantity of DON produced; 2) 
these genotypes are more susceptible to DON causing greater FCR severity with 
less toxin; or 3) these genotypes have a greater ability to detoxify DON in planta to a 
less toxic derivative thus reducing the quantity of detectable DON.  The model used 
to evaluate toxigenic potential was not found to show significant variation in the 
toxigenic potential slope due to genotype, therefore the first hypothesis is less likely. 
The second hypothesis is also unlikely as the aforementioned genotypes (2-49, Yitpi 
and Sunco) except L2-120 show low average DON concentrations (Table 4.3) and 
FCR severity (Chapter 3, table 3.7). The latter hypothesis could be the most valid, the 
reason for this is overall genotypes known for showing lower FCR severity (2-49, 
Sunco and Yitpi) contained the lower average DON concentrations. Miller and Ewen 
(1997) have shown that the genotype Frontana performed better at DON 
detoxification compared to susceptible genotype Casavant, however our results show 
Frontana is no better at detoxifying DON than many of the other genotypes we tested 
(Figure 4.3). Plants, including wheat, have been shown to be capable of detoxifying 
DON to a less toxic derivative, DON-3-0-glucoside (Lemmens et al., 2005, 
Poppenberger et al., 2003). Susceptibility to DON has also been shown to be 
genotype specific and the trait co-located close to a FHB quantitative trait loci 
(Lemmens et al., 2005). Further study is needed to verify the aforementioned 
hypotheses, our results show some genotypes which would be good candidates for 
future mycotoxin detoxification studies (Table 4.5). If DON detoxification or 
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susceptibility is a quantitative trait, further research towards identifying QTLs and 
incorporating them in breeding programs could be rewarding. However such studies 
should be approached with caution as a Fusarium graminearum DON production 
mutant has been shown to produce similar quantities of FCR severity as isolates with 
full DON production capability (Mudge et al., 2006). 
 
DON production, FCR severity (chapter 3), and relative Fusarium biomass (Chapter 
3) showed no significant difference between irrigation treatments. This might be 
attributed to the high rainfall in 2010 and November 2011. The influence of available 
water on Fusarium spp. infection is known to strongly affect the severity of the 
disease. During the final plant maturity stages drought stress exacerbates crown rot 
(Smiley, 2009, Burgess et al., 2001). Our results suggest in warmer seasons without 
excessive rainfall, similar to the 2011 season reported here, stem Fusarium 
mycotoxin accumulation may escalate, especially if Fusarium toxigenic potential 
increases under future e[CO2] conditions. Higher mycotoxin in plant stems, as well as 
the grain, due to higher atmospheric CO2 will have important impacts on food safety 
for humans and livestock. Even if straw, used for animal bedding and feed, and grain 
are screened for mycotoxin contamination and detection limits for DON in grain 
enforced, the harvest quality can be downgraded and the growers will be faced with a 
lower return for their crop (Jaykus et al., 2008). 
 
Grain weight in e[CO2] rings was significantly higher than a[CO2] at crop maturity. 
Grain weight has previously been reported to increase (Li et al., 2000), decrease 
(Hogy et al., 2009) or have no change under e[CO2] (Manderscheid et al., 2003). 
Regardless of sampling stage, FCR severity was negatively correlated with grain 
weight in 2011 (P < 0.001). In mature plants which were grown at e[CO2] FCR 
tolerance was lower (Figure 4.5). Previous studies have not reported any changes in 
FCR tolerance or any significant difference in the yield reduction potential of FCR 
infection under e[CO2] (Chapter 2). FCR tolerance varied between genotypes and in 
general, genotypes which normally produced higher average grain weights, when not 
infected with FCR, showed lower FCR tolerance at each respective sampling stage 
(Table 4.7). These findings suggest there might be a lower average FCR tolerance 
under a future e[CO2] climate. Grain weight losses as a result of lower FCR tolerance 
would also be in addition to the higher average FCR susceptibility which might also 
occur under future e[CO2] (Chapter 2 & 3). Therefore within FCR infected paddocks, 
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potential grain weight increases, brought about under e[CO2], might be counteracted 
by the disease, especially in genotypes bred for higher grain weights. FCR inoculum 
management will become more important to reduce FCR severity for farmers trying to 
achieve optimum yields through higher grain weight in the future. 
 
In conclusion our results suggest that under e[CO2], wheat infected with FCR will 
return a lower yield containing higher concentrations of DON mycotoxin if the growing 
season is favourable for FCR development and mycotoxin production. Genotype 
selection may mitigate the effect of DON on crown rot severity and possibly limit its 
presence in harvested material however more work is needed to confirm these 
results. Future studies should attempt to locate Quantitative Trait Loci (QTL) which 
reduce toxigenic potential, and identify high yielding genotypes which are not prone 
to lower FCR tolerance under e[CO2]. Results shown here provide meaningful data 
on genotypes that might be used to generate breeding lines for future productive 
wheat lines. If potential losses in grain weight due to FCR are to be avoided under an 
e[CO2] climate, growers will need to reduce the risk of high FCR severity through 
inoculum management and cultivar selection. 
 
Modern farm management strategies which have been adopted to maximise stubble 
retention, such as zero till and direct drilling, improve water retention and soil 
structure. However stubble retention also provides greater potential for FCR inoculum 
to be transferred to successive growing seasons (Backhouse, 2006). In an e[CO2] 
future environment higher crop biomass will translate to increased crop stubble, 
boosting FCR inoculum for following seasons (Melloy et al., 2010). Farming practices 
need to be considered when researching the effects of e[CO2] on the pathogen over 
multiple cropping cycles. The following chapter, titled “Fusarium crown rot under 
continuous cropping of susceptible and partially resistant wheat in microcosms at 
elevated CO2” aims to evaluate the dynamics of FCR under continuous cropping, and 
the change in pathogen aggressiveness after five back to back wheat cropping 
cycles. 
Fusarium crown rot under continuous cropping of susceptible
and partially resistant wheat in microcosms at elevated CO2
M. Khudhaira†, P. Melloyab, D. J. Lorenzc, F. Obanora*, E. Aitkenb, S. Dattac, J. Luckd,
G. Fitzgeralde and S. Chakrabortya
aCSIRO Plant Industry, 306 Carmody Road, St Lucia, Qld 4067; bSchool of Agriculture and Food Sciences, Hartley Teakle Building 83, The
University of Queensland, St Lucia, QLD 4072, Australia; cPublic Health and Information Sciences, University of Louisville, 485 E Gray
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This study examines the CO2-mediated influence of plant resistance on crown rot dynamics under continuous cropping
of partially resistant wheat line 249 and the susceptible cultivar Tamaroi. Disease incidence, severity, deoxynivalenol
and Fusarium biomass were assessed after each cycle in microcosms established at ambient and 700 mg kg1 CO2
using soil and stubble of these wheat lines from a field experiment with free to air CO2 enrichment. Monoconidial iso-
lates from wheat stubble were collected initially, and after five cropping cycles, to compare the frequency and aggres-
siveness of Fusarium species in the two populations. Aggressiveness was measured using a high-throughput seedling
bioassay. At elevated CO2, the higher initial incidence in Tamaroi increased with cropping cycles, but incidence in 249
remained unchanged. Incidence at ambient CO2 did not change for either line. Elevated CO2 induced partial resistance
in Tamaroi, but not in 249. Increased Fusarium biomass in wheat tissue at elevated CO2 matched raised deoxynivale-
nol of the stem base in both lines. After five cycles of continuous wheat cropping, aggressiveness increased in patho-
genic F. culmorum and F. pseudograminearum by 110%, but decreased in weakly pathogenic F. equiseti and
F. oxysporum by 50%. CO2 and host resistance interactively influenced species frequency, and the highly aggressive
F. pseudograminearum became dominant on Tamaroi irrespective of CO2 concentration, while its frequency declined
on 249. This study shows that induced resistance at elevated CO2 will not reduce crown rot severity, or impede the
selection and enrichment of Fusarium populations with increased aggressiveness.
Keywords: climate change, disease resistance, necrotrophic pathogens, pathogen adaptation, plant–pathogen interac-
tion, varietal performance
Introduction
Plant pathogens affect production and quality of agricul-
tural crops, causing global food security concerns. In
addition, many necrotrophic pathogens compromise food
safety by producing mycotoxins and other metabolites in
plants, which are harmful to human and animal health
(Paterson & Lima, 2010). Necrotrophic pathogens are
difficult to manage as there is little or no effective host
resistance against many of these pathogens. Even when
host resistance is available, necrotrophic pathogens can
grow saprophytically on dead or dying plant tissue to
build up populations. Thus, resistance alone is often not
enough to manage necrotrophs (Chakraborty, 2013).
Pathogens can rapidly evolve new races in response
to new resistant crop varieties by using a range of sex-
ual and asexual mechanisms that generate new genetic
variation (Fisher et al., 2012), sometimes after only
three to five asexual cycles (Kolmer & Leonard, 1986).
Host resistance also influences pathogen evolution
(Montarry et al., 2006), and with large-scale agriculture
the pathogen can rapidly evolve under continuous crop-
ping of genetically uniform varieties (Thrall et al.,
2010).
Changing climate and farming systems further
influence geographic distribution, prevalence and
economic importance of plant pathogens (Chakraborty,
2013). The highly toxigenic Fusarium graminearum has
higher temperature optima than Fusarium culmorum and
the non-toxigenic Microdochium nivale. With warming,
this species has become the dominant head blight patho-
gen in the cooler temperate climates of Europe (Isebaert
et al., 2009) and in parts of Canada (Ward et al., 2008),
heightening concerns for the mycotoxin deoxynivalenol
(DON) under climate change (Paterson & Lima, 2010).
Simulation models considering the combined effect of
changing wheat phenology and climate have predicted
increased DON levels for parts of Europe (Madgwick
et al., 2011). With changing farming systems in China,
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selection has occurred for more aggressive strains of
F. graminearum populations (Zhang et al., 2012).
Elevated CO2 projected under future climate scenarios
leads to increased levels of phenolics, flavonoids and other
host defence related chemicals (Eastburn et al., 2011).
These and other changes in host physiology, morphology
and gene expression restrict disease severity of some bio-
trophs (Hibberd et al., 1996) and necrotrophs (Pangga
et al., 2004) but promote others (Eastburn et al., 2011).
In one necrotrophic pathogen the enlarged population at
elevated CO2 has led to rapid evolution of new aggressive
strains (Chakraborty & Datta, 2003). Elevated CO2 can
change the distribution and incidence or severity of some
wheat diseases (Juroszek & von Tiedemann, 2013). But
how host plant resistance at elevated CO2 modifies disease
dynamics and severity, or influences the prevalence and
aggressiveness of a pathogen under continuous cropping,
remains unclear; this is the focus of this paper.
Fusarium pseudograminearum and other Fusarium
species cause crown rot (CR) of wheat in Australia,
South Africa, USA and other countries where cereals are
grown under dryland conditions (Obanor et al., 2013).
With a broad host range covering cereals and other
grasses (Akinsanmi et al., 2007), these pathogens survive
in infected residues, and elevated CO2 increases pathogen
biomass in host tissue, boosting inoculum (Melloy et al.,
2010). The widespread adoption of reduced tillage prac-
tices for soil moisture conservation has increased the
prevalence and severity of CR. In the absence of varieties
with a high level of resistance, CR costs A$80 million to
the Australian industry each year (Murray & Brennan,
2009). Continuous wheat cropping increases F. pseudo-
graminearum incidence (Lamprecht et al., 2006) to pro-
mote CR, and therefore the financially attractive wheat
crop can only be grown once every 2–3 years. This leads
to further loss of income to the grower.
The same Fusarium species responsible for CR also
cause head blight if warm and wet conditions prevail
during anthesis (McMullen et al., 2012). Driven largely
by post-anthesis weather, CR and head blight are linked
by common aetiology, pathogen biology and epidemiology
in Australia, and both F. graminearum and F. pseudo-
graminearum cause head blight, including the recent
2010 epidemics (Obanor et al., 2013). Head blight is more
devastating because of high levels of DON and other
mycotoxins in grains and grain-based products. Although
CR can lead to DON in wheat tissue, large amounts only
occur in the stem base (8–10 mg kg1), and only marginal
amounts (<1 mg kg1) are ever detected in grains (Obanor
et al., 2013).
This work aims to understand the dynamics of CR
under continuous cropping of partially resistant and
susceptible wheat lines with stubble retention, to mimic
reduced tillage at elevated CO2. There were two specific
objectives: (i) to examine how increasing cycles of
continuous cropping of a susceptible and a partially
resistant wheat at elevated CO2 influence the incidence
and severity of CR, DON and pathogen biomass in
wheat; and (ii) to see whether the frequency or
aggressiveness of Fusarium pathogens change after five
cycles of continuous wheat cropping at elevated CO2.
Materials and methods
This study commenced in 2007 by growing a susceptible and a
partially resistant wheat line at the Australian Grains Free Air
CO2 Enrichment (AGFACE) facility in Horsham (36°451′S,
142°069′E), Victoria and continued for six consecutive cropping
cycles of the same wheat lines in microcosms established in a
controlled environment facility (CEF) using soil and wheat stub-
ble from the AGFACE experiment. To address the two objec-
tives, CR dynamics was studied over six cycles of wheat
cropping in microcosms, and the frequency and aggressiveness
of an initial AGFACE population of Fusarium species was com-
pared with those of a final population sampled after five cycles
of wheat cropping. The time needed to isolate and screen the
final population allowed the collection of data on CR dynamics
from an additional sixth cycle of wheat cropping.
Crown rot dynamics in microcosms over six wheat
cropping cycles at ambient and elevated CO2
Soil and wheat stubble from the AGFACE trial were collected at
harvest in December 2007 and transported to Brisbane to estab-
lish the CEF microcosms. The AGFACE consists of 16 rings,
each 12 m in diameter in four blocks, with four rings in each
block. Half of the rings deliver elevated CO2 in daylight hours
during the growing season and the rest are under ambient CO2
(380 mg kg1). The CR trial in 2007 was located in an area,
eight rows by 2 m, within each ring where the fumigation tubes
passed diagonally through the middle, giving an average CO2
>700 mg kg1. This area was subdivided into two subplots and
a subplot was planted to either a CR susceptible cultivar Tama-
roi or a partially resistant breeding line 249 from the Queens-
land Department of Agriculture, Fisheries and Forestry. These
lines do not discriminate between Fusarium species or strains in
their expression of CR resistance or susceptibility (Chakraborty
et al., 2010). Further details of the AGFACE CR trial are avail-
able elsewhere (Melloy et al., 2010).
Ambient (380 mg kg1) or 700 mg kg1 CO2 concentrations
were maintained during both day and night in two CEF rooms
with 25/15°C day/night temperature, 60/90% day/night relative
humidity (RH) and 14 h photoperiod with 500 lmol m2 s1
photon flux density. CO2 was regulated and monitored using a
CO2 gas analyser (ADC 2000 series; Analytical Development
Company), which uses nondispersive infrared absorption. Tem-
perature fluctuated by 05°C, RH by 5% and CO2 concen-
tration by 60 mg kg1, largely as a result of opening of the
CEF doors to perform tasks such as planting, watering, fertilizer
application, assessment and harvesting. To establish the micro-
cosms, three subsamples of soil c. 2 L each, and wheat stubble,
were collected from each AGFACE subplot using 10 cm
diameter and 10 cm deep cores. Soil from the three subsamples
was mixed in a 30 9 30 cm square pot and the stubble was
spread on the soil surface to represent each AGFACE subplot.
This retained the block structure with four replicate pots at each
CO2 concentration and maintained the CO2 and wheat line
treatments. Ten Tamaroi or 249 seeds were planted in each of
three rows in each pot to initiate the first cycle of continuous
wheat cropping. These plants became naturally infected by CR
inoculum from the AGFACE stubble. Plants were fertilized twice
during each cycle: once at late tillering and again at anthesis
using a complete fertilizer.
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Sampling and assessment after each cropping cycle in
microcosm
At maturity, total spikes and the number of bleached spikes or
‘whiteheads’ typical of CR was counted for each pot and the
proportion of whiteheads was expressed as CR incidence. The
height and the length of stem base browning of each tiller were
measured for five infected mature plants per pot and CR severity
was expressed as the proportion of stem browning. Segments of
stem tissue (10 cm) from the crown of all five plants were
pooled to determine DON concentration of the stem base.
Grains were similarly pooled to determine DON concentration.
Biomass of F. culmorum and F. pseudograminearum was
determined from 10 cm sections of stem base tissue of another
two infected plants in each pot. Sections from each pot were
pooled, freeze-dried and ground in a MM300 ball mill (Retsch
GmbH). Disease-free stem base tissue from Tamaroi grown in a
glasshouse was autoclaved for 30 min at 120°C. Dried 10 mg
F. culmorum and F. pseudograminearum mycelia from PDA cul-
ture were ground and mixed with 1 g ground disease-free stem
base tissue to prepare a 10–0001 mg g1 dilution series (Hor-
evaj et al., 2011) as positive controls for a quantitative PCR
(qPCR) assay. DNA was extracted from 20 mg ground samples
(DNeasy Plant Mini kit; QIAGEN), quality and concentration
determined (NanoDrop 1000 Spectrophotometer; Thermo Scien-
tific), and the DNA was diluted to 5 ng lL1 for qPCR.
All remaining plants were harvested, leaving 5–8 cm of stub-
ble to mimic zero-tillage stubble retention farming. Harvested
grains were used to plant the subsequent cycle of wheat crop.
qPCR assay
Specific primers Fptri3eF (5′-CAAGTTTGATCCAGGGTAA
TCC-3′) and Fptri3eR (5′- GCTGTTTCTCTTAGTCTTC
CTCA-3′) for F. pseudograminearum were designed to target
the TRI3 gene sequence using PRIMER3 v. 0.4.0 software (http://
frodo.wi.mit.edu/). Published Fc92s1 forward (5′-TTCACTAGA
TCGTCCGGCAG-3′) and Fc92s1 reverse (5′-GAGCCCTCCA
AGCGAGAAG-3′) primers were used for F. culmorum (Leisova
et al., 2006).
Real-time qPCR (10 lL) reactions contained 5 lL SYBR
Green Master Mix (29), 4 lL (5 ng lL1) genomic DNA and
05 lL (3 lM) each forward and reverse primers. For F. pseudo-
graminearum, an initial denaturation at 95°C for 10 min
(segment 1) was followed by 40 cycles of 95°C for 15 s, 58°C
for 60 s and 72°C for 45 s (segment 2), denaturation at 95°C for
2 min, final annealing at 60°C for 15 s and final denaturation at
95°C for 15 s (segment 3). Data were collected at the end of
each extension step at 72°C (segment 2) for amplification plots
and continuously throughout segment 3 for the dissociation
curve. The same reaction conditions and data collection was used
for F. culmorum except an initial annealing at 60°C. Each sam-
ple and standard was analysed in triplicate using the 7900HT
Real-Time PCR System (Applied Biosystems). Ct values of DNA
from the positive standards were used to generate a standard
curve for each pathogen. Absolute fungal biomass was deter-
mined from the curve and expressed as mg g1 wheat tissue.
Deoxynivalenol measurements
Deoxynivalenol was extracted in 86% acetonitrile in water
using an accelerated solvent extraction protocol (Obanor et al.,
2013). Acetonitrile was evaporated under nitrogen in a fume
cupboard. DON was resuspended in milli-Q water and its
concentration was determined by a direct competitive enzyme-
linked immunosorbent assay (AgraQuant DON Assay 025/50
kit; Romer Labs Singapore Pte Ltd).
Frequency of Fusarium species in initial and final
populations
At harvest of the 2007 AGFACE experiment, 20 small frag-
ments of CR infected stem base tissue from each of the 16 sub-
plots for each wheat line were processed to collect an initial
pathogen population. Fragments were surface sterilized for
5 min in sodium hypochlorite containing 1% available chlorine,
rinsed twice in sterile water, dried on sterile filter paper and pla-
ted on ¼ strength potato dextrose agar (PDA; Difco Laborato-
ries) with antibiotics (Melloy et al., 2010) to obtain
monoconidial isolates. Of these, 496 isolates identified as Fusari-
um species using species-specific PCR primers (Table 1) consti-
tuted the initial pathogen population. For identification, DNA
was extracted from 2 mg fresh weight of mycelium in 50 lL
QuickExtract solution (Epicentre Biotechnologies) following
manufacturer’s instructions. PCR amplifications were performed
in a total volume of 10 lL containing 652 lL milli-Q water,
1 lL PCR buffer (109), 1 lL MgCl2 (25 mM), 02 lL dNTPs
(10 mM each dNTP), 012 lL forward primer (10 lM), 012 lL
reverse primer (10 lM), 004 lL Taq DNA polymerase
(5 U lL1) and 1 lL of the target DNA. For F. pseudogrami-
nearum, an initial denaturation at 94°C for 3 min, followed by
35 cycles of denaturation at 94°C for 45 s, annealing at 56°C
for 45 s and extension at 72°C for 45 s were used, with a final
extension at 72°C for 7 min. The cycling parameters for the
other primer pairs (Table 1) were as previously described:
Fg16NF/Fg16NR (Scott & Chakraborty, 2006), FPO2/FPO3
(Edel et al., 2000), FEF-1/FER-1 (Mishra et al., 2003) and FAC-
F/FAC-R (Williams et al., 2002). Amplicons were separated by
gel electrophoresis in 1% agarose gels in TAE (45 mM Tris–ace-
tic acid, 1 mM EDTA) containing 01μ mL1 GelRed dye.
The final population of Fusarium species was isolated using a
similar sampling strategy from infected wheat stem base tissue
after five cycles of continuous cropping. However, only 248
monoconidial isolates were identified as Fusarium species using
species-specific PCR primers as above and these constituted the
final pathogen population.
Aggressiveness of initial and final Fusarium
populations
The aggressiveness of 68 of the 496 isolates from the initial pop-
ulation and 70 of the 248 isolates from the final population was
determined on wheat seedlings using a high-throughput paper
towel assay (Li et al., 2008). Monoconidial isolates of the four
dominant Fusarium species were randomly selected to reflect
their relative frequency in the initial and final populations and
to represent each wheat line and CO2 treatment. There were 20
F. culmorum, 19 F. equiseti, 10 F. oxysporum and 19 F. pseu-
dograminearum isolates in the initial population and 20, 17, 13
and 20 isolates of these species, respectively, in the final popula-
tion. Isolates recovered from 80°C storage were transferred to
¼ strength PDA and incubated at ambient temperature (c. 23°C)
with 12 h photoperiod for 10 days under a combination of
black light (F20T9BL-B20W FL20S.SBL-B; NIS) and standard
cool white fluorescent light (35098 F18E/33; General Electric).
Cultures were flooded with sterile distilled water, scraped with a
sterile needle, and the suspension was strained through sterile
cheesecloth and adjusted to105 macroconidia mL1. Macroconi-
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dia concentrations were determined using a haemocytometer
(Weber Scientific International).
Seeds of susceptible wheat cultivar Kennedy were germinated
in Petri plates lined with moistened sterile filter paper. After
3 days, 10 germinated seeds were transferred to a 50 mL Falcon
tube containing 2 mL conidial suspension of an isolate and
rolled gently to coat the seeds. Seeds were placed on paper towel
with coleoptiles pointing in the same direction, rolled up and
placed in a fresh Falcon tube containing 10 mL sterile distilled
water. After 12 days on a laboratory bench, isolate aggressive-
ness was determined as the length of basal browning.
Statistical analysis
Data on CR incidence and severity, Fusarium biomass and
DON in grain and stem base from each of the six sequential
wheat cropping cycles were transformed as necessary and analy-
sed using Generalized Additive Models (GAM). The GAM
included wheat line, CO2 level and their interaction as linear
terms; and one or more nonlinear cycle term(s) (NLT) by wheat
line, CO2 level or their interaction. Linear terms were tested via
F test and NLTs were tested by approximate v2 tests from the
analysis of deviance.
Frequency of Fusarium species in the initial and final popula-
tions followed a multinomial distribution. Frequency data were
analysed by fitting multinomial logistic regression models with
cycle, wheat line, and CO2 concentration as main effects. All
possible two- and three-way interaction terms were included.
Data on aggressiveness of the four dominant Fusarium species
in the initial and final populations were analysed using analysis
of variance (ANOVA). The effect of Fusarium species was deter-
mined either as single species or by grouping isolates into two
‘species groups’, where F. culmorum and F. pseudograminearum
were designated as pathogenic and the remaining species as
weakly pathogenic. A square root transformation normalized
the within-group residuals (Kolmogorov–Smirnov test,
P > 029). For aggressiveness, the mixed effects ANOVA model,
with random intercepts and isolate as the grouping factor, pro-
vided a substantial improvement in fit over fixed effects linear
models. Models with other grouping factors (block, isolate
within block) did not improve model fit.
All analyses were conducted using the open source R software
package (v. 2.15.1, R Foundation for Statistical Computing).
Results
Crown rot dynamics in microcosms over six wheat
cropping cycles at ambient and elevated CO2
Crown rot incidence data followed a Poisson distribution
and was log-transformed for analysis using GAM. The
significant linear terms point to the difference in CR inci-
dence in cycle 1 between the two wheat lines and CO2
levels, but the interaction was not significant (Table 2).
Selecting two NLTs, one for each CO2 level, gave the
greatest deviance statistic and did significantly better
than just one NLT to explain the shape of the curve over
the cycles. At elevated CO2, the higher initial CR inci-
dence in the susceptible Tamaroi continued to increase
with increasing number of cropping cycles (Fig. 1), but
incidence in 249 remained unchanged through the cycles.
At ambient CO2, CR incidence remained largely
unchanged in both wheat lines.
Crown rot severity expressed as the proportion of stem
base browning and analysed after Box–Cox transforma-
tion showed that wheat line and CO2 were significant
linear terms but the interaction was not significant
(Table 2). The initial CR severity in cycle 1 was signifi-
cantly higher for Tamaroi than 249, and at elevated than
at ambient CO2. The v
2 tests showed that separate NLT
for each wheat line, CO2 level or wheat line 9 CO2
combination better explained the dynamics of CR sever-
ity over the six cycles than just one NLT. However, the
deviance statistic did not change from the two NLT for
wheat lines or CO2 levels by selecting the four wheat
line 9 CO2 interaction NLT. The dynamics of CR sever-
ity was different for Tamaroi and 249 at ambient CO2
but the two wheat lines had similar dynamics at elevated
Table 1 Species-specific polymerase chain reaction primers and annealing temperature used to identify Fusarium species in an initial population
recovered from crown rot infected wheat stubble from a Free Air CO2 Enrichment field study, and a final population after another five cycles of
wheat monoculture under similar conditions in controlled environments
Target species Primera Direction Primer sequence (5′–3′)
Annealing
temperature (°C)
Fusarium culmorum FcOIF Forward ATGGTGAACTCGTCGTGGC 60
FcOIR Reverse CCCTTCTTACGCCAATCTCG
Fusarium pseudograminearum Fp1-1 Forward CGGGGTAGTTTCACATTTCCG 57
Fp1-2 Reverse GAGAATGTGATGACGACAATA
Fusarium graminearum Fg16NF Forward ACAGATGACAAGATTCAGGCACA 57
Fg16NR Reverse TTCTTTGACATCTGTTCAACCCA
Fusarium oxysporum FPO3 Forward CGGGGGATAAAGGCGG 69
FPO2 Reverse CCCAGGGTATTACACGGT
Fusarium accuminatum FAC-F Forward GGGATATCGGGCCTCA 55
FAC-R Reverse GGGATATCGGCAAGATCG
Fusarium equiseti FEF-1 Forward CATACCTATACGTTGCCTCG 58
FER-1 Reverse TTACCAGTAACGAGGTGTATG
aPrimer references: FcOIF/FcOIR & Fg16NF/Fg16NR (Nicholson et al., 1998); Fp1-1/Fp1-2 (Aoki & O’Donnell, 1999); FPO2/FPO3 (Edel et al., 2000);
FEF-1/FER-1 (Mishra et al., 2003); FAC-F/FAC-R (Williams et al., 2002).
Plant Pathology (2014) 63, 1033–1043
1036 M. Khudhair et al.
CO2 (Fig. 1). While CR severity of the partially resistant
249 followed similar dynamics at both CO2 levels, sever-
ity in Tamaroi was reduced at elevated CO2 during the
first three cycles.
Of the 188 non-zero observations on pathogen bio-
mass, F. culmorum and F. pseudograminearum co-
existed in only four instances. Therefore, data for both
species were combined to estimate pathogen biomass.
Variance was stabilized using a Box–Cox transformation
with k = 04. The two linear terms and their interac-
tion were non-significant, indicating that there was no
difference between wheat lines or CO2 levels in the ini-
tial pathogen biomass (Table 2). Four NLT, one for each
wheat line 9 CO2 level, had the largest deviance statistic
and best explained the dynamics of Fusarium biomass
over the six cycles. The different behaviour of the wheat
lines at the two CO2 levels over the cycles is evident
from the unique shape of the four curves (Fig. 2). Fusari-
um biomass was generally higher in the susceptible Tam-
aroi and the difference was clear at elevated CO2 in the
first four cycles; but with 53% of the biomass values
being zero, the plots showed high variability and the
least clear patterns.
Deoxynivalenol in grain and stem base followed some-
what similar dynamics over the six cycles. Wheat line
was the only significant linear term in an analysis of
Box–Cox transformed (k = 018) data on DON in the
stem base, and CO2 was the only significant linear term
in the analysis of log-transformed grain DON (Table 2).
Although DON in the stem base was higher at elevated
CO2 (433 mg kg1 in Tamaroi and 241 mg kg1 in
249) than at ambient CO2 (293 mg kg1 in Tamaroi
and 154 mg kg1 in 249), the CO2 effect on stem base
DON was not significant. In cycle 1 Tamaroi had less
DON in the stem base (163 mg kg1) than 249
(253 mg kg1) and there was less DON in grain at ele-
vated CO2 (005 mg kg1) than at ambient CO2
(003 mg kg1). A single NLT best described the shape
of curves over the cycles for both grain and stem base
DON. Models with more than one NLT did not signifi-
cantly improve fit. Curves for both grain and stem base
DON were largely similar in shape, except that DON in
the stem base rapidly declined after the first cycle
(Fig. 2).
To explore the relationship between Fusarium biomass
and DON in wheat tissue, the toxigenic potential of the
wheat stem base was expressed as the amount of DON
per unit Fusarium biomass. The overall toxigenic poten-
tial of both wheat lines was higher at elevated CO2 than
at ambient CO2 (Table 3). However, no model fitting
was attempted due to >50% of the data being missing as
a result of the large number of zero biomass values.
Frequency of Fusarium species in initial and final
populations
Frequencies of dominant Fusarium species in the initial
and final populations were expressed as a percentage of
the total number of recovered isolates to account for the
difference in population size. All model terms were sig-
nificant except the CO2 9 cycle interaction (P = 016)
and the three-way interaction (P = 013), as tested using
ANOVA fitting multinomial logistic regression models
(Table 4).
Overall, with 74% of all isolates, F. pseudograminea-
rum dominated the initial pathogen population on the
partially resistant 249, but with 47% of all isolates,
F. culmorum was the dominant species on susceptible
Tamaroi (Table 4). Species frequency changed signifi-
cantly (P < 0001) after five cycles of continuous wheat
cropping in microcosms, and both CO2 and partial resis-
tance of wheat lines interactively influenced this change
in frequency. The highly aggressive F. pseudograminea-
rum had a frequency of between 30 and 63% of all
isolates in the final population. Irrespective of CO2
concentration, it became the dominant species on
Tamaroi but its frequency on 249 declined in the final
population.
Table 2 Analysis using Generalized Additive Models of crown rot (CR) severity measured as the proportion of stem browning, deoxynivalenol (DON)
in stem base and grain, biomass of Fusarium culmorum and Fusarium pseudograminearum in infected wheat tissue, and CR incidence measured
as the proportion of whiteheads, from an experiment where two wheat lines were grown at two CO2 levels in microcosms over six successive
cropping cycles. A single nonlinear cycle term was used for all variables except CR incidence, tested using two nonlinear cycle terms, one for each
CO2 level; and CR severity and Fusarium biomass each tested using four nonlinear cycle terms, one for each wheat line 9 CO2 level interaction
Variable Transformation Statistic
Linear terms Nonlinear cycle terms
Line CO2 Line 9 CO2 By Line By CO2 By Line 9 CO2
CR severity Box–Cox (k = 159) F/v2 260 66 18 001 001 001
P-value <0001 001 019 001 <0001 <0001
Stem base DON Box–Cox (k = 018) F/v2 61 26 02 170 176 255
P-value 001 011 068 019 018 031
Grain DON Log F/v2 13 71 02 14 30 42
P-value 026 001 069 059 024 033
Fusarium biomass Box–Cox (k = 014) F/v2 33 10 08 294 105 401
P-value 007 033 037 005 031 004
CR incidence Log (Poisson) F/v2 114 99 27 72 156 110
P-value <0001 <0001 010 011 <0001 013
F statistic was used to test the linear terms and v2 tests from an analysis of deviance used to test the nonlinear cycle terms.
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Aggressiveness of Fusarium species in initial and final
populations
Aggressiveness was analysed by fitting mixed effects
model with random intercept and isolate as the grouping
factor. As evident from the non-significant main effects,
aggressiveness increased irrespective of the source of
pathogen isolates, and thus CO2 concentration or the
level of partial resistance of the two wheat lines had no
influence (Table 5). The main effect and all interaction
terms involving CO2 were non-significant and these
terms were not considered in further analysis except as a
summary of aggressiveness of initial and final Fusarium
populations on the wheat lines at the two CO2 treat-
ments (Fig. 3). The main effect of Fusarium species
(P < 0001) and species 9 cycle interaction (P = 0009)
significantly influenced aggressiveness and these were the
only significant terms. In just five cycles, average aggres-
siveness of F. pseudograminearum increased by over
110% (length of seedling basal browning increasing from
058 to 122), and that of F. culmorum increased by
nearly 18% (from 171 to 201). In contrast, aggressive-
ness decreased in the weakly pathogenic species: by 50%
in F. equiseti and by 20% in F. oxysporum.
Discussion
This study demonstrates elevated CO2-mediated influence
of host plant resistance on the dynamics of CR under
increasing cycles of continuous cropping of a partially
resistant and a susceptible wheat line. At ambient CO2,
CR incidence remained largely unchanged in both wheat
lines. At elevated CO2, the higher initial CR incidence in
the susceptible Tamaroi continued to rise with increasing
number of cropping cycles, while incidence in the par-
tially resistant 249 remained unchanged. CR severity in
249 followed similar dynamics at both CO2 levels, but
the severity in Tamaroi was reduced at elevated CO2 in
the first three cycles, possibly due to induced partial
resistance. Elevated CO2 generally increased the DON
content of the stem base in both wheat lines, and this
was consistent with higher Fusarium biomass in the two
lines; but the CO2 effect was not significant as there was
high variability with a large number of zero biomass val-
ues. Comparing an initial population of Fusarium species
causing CR in a FACE study with a population sampled
after five cycles of continuous wheat cropping in micro-
cosms established from the FACE study, aggressiveness
increased in pathogenic F. culmorum and F. pseudo-
graminearum by 18 and 110%, respectively, but decreased
in weakly pathogenic F. equiseti and F. oxysporum by
20–50%, respectively. After five cycles of continuous
wheat, the highly aggressive F. pseudograminearum
became the dominant species on Tamaroi irrespective of
CO2 concentration, while its frequency declined on 249.
The two wheat lines performed differently at the two
CO2 concentrations and their CR incidence and severity
followed different nonlinear trends during the six crop-
ping cycles. Both CR incidence and severity followed dif-
ferent trends at the two CO2 concentrations in Tamaroi
Figure 1 Expected crown rot incidence
(solid lines) estimated from general additive
models fitted to the proportion of whiteheads
per pot, and Box–Cox (k = 159)
transformed severity, measured as the
proportion of stem browning, and 95%
confidence interval (dashed lines) over six
cycles of continuous cropping of wheat lines
Tamaroi (green) and 249 (blue) grown at
ambient (380 mg kg1) or elevated
(700 mg kg1) CO2 in microcosms.
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but not in 249. In particular, CR severity in Tamaroi
was reduced to levels similar to those in 249 during
cropping cycles 1–3 at elevated CO2, suggesting that ele-
vated CO2 may have induced a level of partial resistance.
This is consistent with findings from studies of infection
processes in both biotrophic (Hibberd et al., 1996) and
necrotrophic pathogens (Pangga et al., 2004) that have
shown reduced germination and penetration of host
tissue by pathogen spores at elevated CO2. Nevertheless,
in common with other studies on interaction between
partial resistance and aggressiveness (Newton, 1989;
Chakraborty & Datta, 2003) there is variability in this
study that stems from the sensitivity of these interactions
to small changes in physical environment. Increasing the
number of replicates and cropping cycles may be one
Figure 2 Expected pathogen biomass
estimated from general additive models fitted
to Box–Cox transformed (k = 14) Fusarium
culmorum and Fusarium
pseudograminearum (mg g1 wheat tissue)
biomass in wheat stem base, and
untransformed deoxynivalenol (DON) in grain
(mg kg1) and wheat stem base over six
cycles of continuous cropping of wheat lines
Tamaroi (green) and 249 (blue) grown at
ambient (380 mg kg1) or elevated
(700 mg kg1) CO2 in microcosms. Solid
lines show the expected value and dashed
lines represent 95% confidence interval.
Table 3 Mean toxigenic potential expressed as the amount of
deoxynivalenol content per unit biomass of Fusarium culmorum and
Fusarium pseudograminearum (mg g1 wheat tissue) in wheat stem
base over six cycles of continuous cropping of wheat lines Tamaroi
and 249 grown at two CO2 levels in microcosms
Wheat line
CO2
(mg kg1)
Toxigenic potential
(mg kg1)
Tamaroi 380 0021 (0009)
700 0069 (0038)
249 380 0022 (0008)
700 0045 (0019)
The figure in parenthesis is the standard error of the mean.
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way to reduce variability. Also, c. 60% of the observa-
tions on CR incidence and severity were zero. The GAM
fitted here and the inferences derived remain valid for
modelling mean outcomes. Recently developed methods
for fitting zero-inflated GAM may provide alternative or
additional insights (Liu & Chan, 2010).
Fusarium biomass in the two wheat lines followed
different dynamics at the two CO2 levels during the six
cycles, even though the initial biomass was not
significantly influenced by the wheat lines, CO2 levels or
their interaction. As with CR severity data, zero inflation
led to less clear patterns. Nevertheless, Tamaroi generally
had higher Fusarium biomass than 249 and, as indicated
by a significant CO2 9 wheat line interaction, the differ-
ence was clear at elevated CO2. This shows that the
effectiveness of elevated CO2-induced partial resistance
in Tamaroi is not effective in restricting host coloniza-
tion. These findings are similar to a previous report from
the AGFACE on increased Fusarium biomass at elevated
CO2 (Melloy et al., 2010) and findings on accelerated
colonization at elevated CO2 by other pathogens that
increases biomass and fecundity (Pangga et al., 2004;
Eastburn et al., 2011). The amount of Fusarium biomass
in wheat tissue did not determine the extent of stem base
browning and there was no significant overall correlation
between CR severity and Fusarium biomass (Pearson’s
r = 010, P = 016), for CO2 (r = 004–018, P = 066–
008), wheat line (r = 011–041, P = 028–069) or any
combination of CO2 9 wheat line (r = 0009–019,
P = 019–094). In common with other studies (Hogg
et al., 2007), these findings point to the incongruity
between the extent of visual symptoms and pathogen
biomass and questions the relevance of stem base brown-
ing as a measure of CR resistance.
Elevated CO2 reduced DON in grains of both wheat
lines but had no effect on stem base DON. Elevated CO2
alters the concentration of sugars, proteins and second-
ary metabolites in plant tissues (Eastburn et al., 2011).
The contrasting trend in DON levels may be due to a
differential response of source and sink tissue to elevated
CO2. The results here suggest that DON in grains from
CR is unlikely to become a concern for animal and
human health under elevated CO2. However, with only a
Table 5 Analysis of variance fitting mixed effects model with random
intercept and isolate as the grouping factor for aggressiveness data
from an experiment where isolates of four dominant Fusarium species
in an initial population recovered from crown rot infected stubble of two
wheat lines, Tamaroi and 249, grown at ambient (380 mg kg1) and
elevated (700 mg kg1) CO2 in a Free Air CO2 Enrichment facility in
the field, and after five cycles of continuous cropping of the same
wheat lines under similar conditions in microcosms
Term F statistic d.f. P-value
Species 2060 1, 126 <0001
Cycle 29 1, 126 009
CO2 21 1, 1234 015
Wheat line 17 1, 126 019
Species 9 Cycle 71 1, 126 0009
Other 2-way interactions – – >009
3-way interactions – – >037
4-way interaction 01 1, 126 075
Table 4 (a) Analysis of variance fitting multinomial logistic regression models and (b) predicted frequency of four Fusarium species expressed as a
proportion of the total number of isolates from an experiment where wheat lines Tamaroi and 249 were grown at ambient (380 mg kg1) and
elevated (700 mg kg1) CO2 in a Free Air CO2 Enrichment facility (Cycle 0) and after five cycles of continuous cropping of the same wheat lines
under similar conditions in microcosms. Figures in parenthesis are the expected count conditional on the cumulative load at each cycle
(a) Analysis of variance
Term LR statistic d.f. P-value
Cycle 319 4 <0001
Wheat line 901 4 <0001
CO2 108 4 003
Cycle 9 Wheat line 466 4 <0001
Cycle 9 CO2 66 4 016
Wheat line 9 CO2 181 4 0001
Cycle 9 Wheat line 9 CO2 70 4 013
(b) Predicted frequency
CO2 (mg kg
1) Species Cycle
Fusarium species
Loadculmorum equiseti oxysporum pseudograminearum Unknown
380 Tamaroi 0 047 (60) 012 (15) 005 (6) 024 (31) 013 (17) 128
5 037 (19) 006 (3) 010 (5) 037 (19) 010 (5) 51
249 0 010 (12) 011 (13) 001 (1) 074 (85) 004 (5) 115
5 010 (7) 024 (17) 014 (10) 030 (21) 023 (16) 71
700 Tamaroi 0 050 (66) 005 (7) 000 (0) 031 (41) 014 (18) 132
5 016 (10) 006 (4) 000 (0) 063 (40) 014 (9) 63
249 0 013 (16) 009 (11) 002 (2) 066 (80) 009 (11) 121
5 019 (12) 019 (12) 010 (6) 041 (26) 011 (7) 63
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single NLT adequately explaining DON dynamics, the
influence of continuous cropping of wheat lines or CO2
on DON remains unclear. Future risk assessment has to
consider DON levels of resistant and susceptible wheat
lines under combinations of CO2, temperature and mois-
ture gradients, because host chemical composition, nutri-
tional quality and drought can all influence DON
production by Fusarium (Gardiner et al., 2010).
Both frequency and aggressiveness of Fusarium species
in the pathogen population changed after five cycles of
continuous cropping of the two wheat lines. CO2 and
wheat lines interactively influenced species frequency and
F. pseudograminearum became the dominant species on
Tamaroi irrespective of CO2 levels, while its frequency
on 249 declined. Aggressiveness of pathogenic F. culmo-
rum and F. pseudograminearum increased by up to
110%, but decreased for weakly pathogenic F. equiseti
and F. oxysporum by up to 50% after five cropping
cycles, and neither wheat line nor CO2 concentration
had any significant influence. While these findings on
increased aggressiveness and the selective enrichment of
F. pseudograminearum following continuous wheat crop-
ping are in line with previous studies (Lamprecht et al.,
2006), the results show for the first time that any
induced host resistance at elevated CO2 fails to curb the
selection and enrichment of highly aggressive strains in
the pathogen population.
There is ongoing debate in the plant pathology
literature on the concept and terminology associated with
pathogenicity (Pariaud et al., 2009). One school of
thought defines aggressiveness as the relative amount of
damage caused by a pathogen without regard to resistance
genes (Shaner et al., 1992), while another shows that host
cultivars can select for increased aggressiveness (Montarry
et al., 2006). The present study adopted the definition
proposed by Shaner et al. (1992) to study how the quanti-
tative and non-differential (Chakraborty et al., 2010)
aspect of pathogenicity of the Fusarium CR pathogen may
change with continuous cropping of the two wheat lines
at the two CO2 levels. The susceptible cv. Kennedy was
selected to avoid potential confounding effects of geno-
type-dependent selection imposed by Tamaroi or 249.
This study has shown that induced resistance at ele-
vated CO2 will be transient and inadequate to reduce
damage from CR, or to impede the selection and
enrichment of a Fusarium population with increased
aggressiveness, although DON in grains from CR may
decrease or remain relatively unchanged. However, it has
considered elevated CO2 in isolation, and the interacting
influence of other changes in climate including
temperature and drought needs to be considered for a
more realistic assessment. Models that combine crop and
disease epidemics with CO2 emission scenarios to predict
risk of fusarium head blight epidemics and mycotoxin
are available (Madgwick et al., 2011). This study clearly
demonstrates that CR will remain a significant challenge
and effective management of Fusarium diseases has to be
a priority if wheat is to be grown under continuous
Figure 3 Aggressiveness, measured as the
length of seedling basal browning, of four
dominant Fusarium species in an initial
population (shaded boxes) recovered from
crown rot infected stubble of two wheat lines,
Tamaroi and 249, grown at ambient
(380 mg kg1) and elevated (700 mg kg1)
CO2 in a Free Air CO2 Enrichment facility in
the field and after five cycles of continuous
cropping (white boxes) of the same wheat
lines under similar conditions in controlled
environments. The initial population of 68
monoconidial isolates consisted of 20
F. culmorum (cu), 19 F. equiseti (eq), 10
F. oxysporum (ox) and 19
F. pseudograminearum (ps); the final
population of 70 monoconidial isolates
consisted of 20, 17, 13 and 20 of these
species, respectively. Isolates were randomly
selected to represent relative frequency of
the four dominant species in the two
populations.
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cropping with stubble retention. This will require a
combination of approaches including options to reduce
saprophytic survival and growth of the pathogen.
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Chapter 6: Thesis Discussion 
6.1  Introduction 
 
This work contributes to a better understanding of how climate change will affect the 
epidemiology of crown rot infection. Previous work by Melloy et al. (2010) showed 
disease symptoms and relative Fusarium biomass had the potential to increase in an 
environment simulated with future elevated atmospheric CO2 concentrations. 
Differences in FCR browning and relative Fusarium biomass between the two 
genotypes in this 2007 Australian Grains Free-Air carbon dioxide Enrichment 
(AGFACE) experiment were dependent on elevated CO2 (e[CO2]) treatments, 
growing season and irrigation treatments. This work attempts to understand the effect 
of e[CO2] and temperature on the FCR development while identifying germplasm and 
management strategies to mitigate loss in crop productivity. FCR development was 
studied by assessing FCR incidence, FCR symptom severity, mycotoxin production 
and relative Fusarium biomass at key stages during the host lifecycle under e[CO2], 
in CEF, glasshouse and field experiments. Finally the study will attempt to relate the 
FCR severity to relative Fusarium biomass and changes in host productivity. Due to 
the nature of the FCR disease to persist in crop stubble, surviving as inoculum 
between seasons, the effect of e[CO2], on the disease was also assessed during a 
continuous cropping experiment over six wheat growth cycles. 
  
6.2  The effect of e[CO2] and warmer temperatures on FCR incidence 
FCR incidence was found to be dependent on plant growth stage and was more 
likely to be higher on plants in e[CO2] treatments at anthesis and subsequent 
sampling stages. Higher FCR incidence was found earlier in the host lifecycle at node 
development when e[CO2] was combined with warmer growing temperatures 
(chapter 2). In the warmer season of the AGFACE field trial, 2011, plants treated with 
e[CO2] showed higher FCR incidence on plants sampled at crop maturity. In general, 
warmer temperatures have been shown previously to increase Fusarium spp. 
infection in wheat seedlings (Pettitt and Parry, 1996, Wildermuth and McNamara, 
1994). However is yet to be shown whether the two effects on FCR incidence, e[CO2] 
and temperature are additive or show  interaction. Due to the experimental design in 
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chapter 2 an e[CO2] by temperature interaction for incidence could not be determined 
despite a significantly different FCR incidence response to the three glasshouse 
environments.  
 
Mitigating the effects of warmer seasonal temperatures on crops by sowing earlier in 
the season is already being adopted by growers to adapt to a warming climate. The 
migration of wheat cultivation to areas higher latitude to areas with previously 
unsuitable growing climate has also began to occur (Chapman et al., 2012, Ortiz et 
al., 2008). These climate adaptation strategies may not completely mitigate potential 
FCR incidence increases if future e[CO2] increases FCR incidence. In chapter 2, 
plants grown at e[CO2] with cool growing temperatures showed a larger FCR 
incidence increase between node development and anthesis when compared to the 
other glasshouse environments. Changes in FCR incidence following anthesis 
showed no difference between the two cool and warm growing temperature e[CO2] 
treatments in the glasshouse. In addition to the significant FCR incidence interaction 
between glasshouse environments with differing CO2 and temperature settings, host 
growth stage was also a dependent interactive term for the glasshouse and AGFACE 
trial. Genotype was also found to be a significant factor determining FCR incidence in 
both the glasshouse, field and continuous cropping e[CO2] treatments. In most cases, 
e[CO2] increased FCR incidence in both trials, however the scale of change was 
dependent on the genotype. Variation in the FCR incidence response of each 
genotype between CO2 treatments may indicate there is a genetic component. 
Assessment for quantitative trait loci (QTL) which provide improved FCR resistance 
and lower FCR incidence at e[CO2] may provide valuable information for  plant 
breeders.  
 
6.3  Changes in FCR severity under elevated CO2 (or under a future climate) 
On average FCR severity in the glasshouse increased on host plants at a faster rate 
under e[CO2], compared to ambient. In the glasshouse and continuous cropping 
experiment this lead to significantly higher FCR severity ratings under e[CO2] 
treatment at crop maturity. In the AGFACE trial, mean FCR severity was higher on 
e[CO2] treated soft dough plants and mature plants however neither sampling stage 
showed the difference between CO2 treatments as statistically significant. In the 
e[CO2] warm temperature glasshouse FCR severity was significantly higher at the 
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first sampling stage, node development, than the other two glasshouse 
environments. FCR severity, on average remained higher on plants in the e[CO2] with 
warm temperature glasshouse compared to the ambient a[CO2], cool temperature 
environment, however the rate of FCR severity progression between sampling stages 
subsequent to node development were not significant. Higher FCR incidence in the 
warm temperature with e[CO2] environment may have contributed to higher severity 
at node development. FCR severity in this environment remained higher than the 
a[CO2] environment and increased at the same rate for the remainder of the host 
lifecycle. These results show that FCR severity will likely progress at a faster rate on 
wheat in future e[CO2] climates compared to a[CO2]. In climates where warming is 
also likely to occur FCR severity progression rate is may be comparable to a[CO2] 
cool temperatures, however higher FCR severity is likely to set in earlier in the host 
development. 
 
FCR severity on each genotype in the glasshouse was dependent a combination of 
sampling stage, and glasshouse environment. In the AGFACE trial no such 
interaction between genotype, CO2 treatments and sampling stage was observed. In 
the continuous cropping experiment a genotype and CO2 interaction were significant 
in non-linear terms, showing that FCR severity over multiple cropping cycles was 
dependent on genotype and e[CO2] treatment. Therefore even if germplasm selection 
and breeding would be effective in mitigating higher FCR severity under e[CO2] it is 
likely the resistance would break down over multiple successive growing cycles as 
seen in chapter 5. 
 
Moisture stress has been known to exacerbate FCR severity (Burgess et al., 2001) 
and has previously been shown with e[CO2] to increase FCR severity depending on 
host genotype (Melloy et al., 2010). Whilst the AGFACE trials were designed to 
investigate e[CO2] and irrigation interaction, no significant effect was observed 
between irrigation and rain fed treatments. High rainfall in the two seasons 2010 and 
2011 are likely to have influenced this. Watering regime was not studied in either of 
the glasshouse or continuous cropping experiments. Nevertheless moisture stress on 
FCR is an important factor which should be investigated for a possible interaction 
with e[CO2]. 
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6.4  Relative Fusarium biomass under e[CO2]  
The rate of F.pseudograminearum colonisation in the glasshouse was faster on 
average between the four sampling stages under e[CO2] with cool temperatures 
compared to a[CO2] or e[CO2] with warm temperatures (Chapter 2). In the AGFACE 
and CEF continuous cropping experiments the effect of e[CO2] on relative Fusarium 
biomass was not significant.  
 
Relative Fusarium biomass under e[CO2] and warm temperatures increased in 
stages during the host lifecycle. Despite higher relative Fusarium biomass at node 
development there was little difference between the a[CO2] glasshouse and the 
e[CO2] environment with warm temperatures between anthesis and soft dough. This 
slowing of relative Fusarium biomass might be due to temperature induced 
resistance. Nevertheless, warmer temperatures with e[CO2] significantly affected 
relative Fusarium biomass at specific sampling stages in the glasshouse.  
 
In the AGFACE continuous cropping experiments, there was no relative Fusarium 
biomass difference between CO2 treatments at either of the host growth stages, soft 
dough or crop maturity. Previous findings by Melloy et al. (2010) showed that e[CO2] 
increased relative Fusarium biomass in one of two AGFACE seasons as well as in a 
CEF experiment. As seen in the glasshouse warmer temperatures influenced the 
quantity of relative Fusarium biomass in e[CO2] environments, temperature or 
seasonal conditions might be affecting the Fusarium colonisation when growing 
under e[CO2]. Future studies in the glasshouse should investigate relative Fusarium 
biomass further in a range of night and day time temperatures at a[CO2] and e[CO2]. 
Field studies should incorporate more than two seasons for a more complete 
understanding of the seasonal weather effects such as temperature and rainfall. 
Such studies should also consider multiple sampling stages and not solely focus on 
crop maturity when pathogenic growth might be confounded by saprophytic growth.  
 
6.5  Fusarium toxigenic potential between genotypes grown under e[CO2] in the 
field 
Chapter 4 showed toxigenic potential decreased and increased in e[CO2] treated 
plants at crop maturity in seasons 2010 and 2011 respectively. These findings, in-
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part, complement findings in the chapter 5 the CEF continuous cropping experiment 
where stem mycotoxin and toxigenic potential were also found to be higher in e[CO2] 
treatments, albeit not tested statistically.  
 
The effect of e[CO2] on toxigenic potential in the plant stem was significantly 
influenced by the AGFACE growing season. Isebaert et al. (2009) have previously 
shown DON in the grain, and the infecting Fusarium species, were dependent on 
seasonal temperature. Temperature may have been an important factor in AGFACE 
influencing differences between seasons, however numerous other factors are also 
likely, such as the infecting FCR Fusarium species, rainfall or irrigation regimes and 
host genotype. Host genotype showed a significant effect on stem DON 
concentration in AGFACE and the continuous cropping experiment regardless of CO2 
treatment. Neither study found that a change in DON concentration or toxigenic 
potential in the stem due to e[CO2] treatment genotype dependent. 
 
If FCR pathogens increase their toxigenic potential under e[CO2] the prevalence and 
concentration of mycotoxin in contaminated straw may increase. Straw is frequently 
used in animal bedding or feed and if contaminated can introduce high levels of 
mycotoxin into the livestock’s diet (Nordkvist and Häggblom, 2014). DON is water 
soluble and previous studies have shown the mycotoxin can translocate up the stem 
into parts of the spike such as the grain, rachis and glumes (Covarelli et al., 2012, 
Obanor and Chakraborty, 2014). Such parts of the spike are not always separated 
from the grain effectively and regularly contaminate grain. ‘Screen chaff’ percentage 
is the portion of the harvested grain containing, small pieces of plant stem, rachis and 
glumes. The Grain Trade Australia Wheat Standards allows a maximum of 0.6% 
screen chaff for high grade grain to 2.6% percent in lower grades (Grain Trade 
Australia, 2013). If screen chaff is contaminated with DON, premium grade grain may 
be reduced in quality returning a lower price for the farmer, or even discarded. 
However, the simulated monoculture experiment (chapter 5) showed DON in the 
grain from the e[CO2] treatment was lower compared to a[CO2]. The effect of e[CO2] 
on mycotoxin in bulk grain yield with differing levels of screen chaff may show 
differing results to the results reported here. Future studies should consider 
mycotoxin contamination through screen chaff to determine if chaff limits need 
lowering in future cereal cropping.  
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6.6  Changes in host FCR resistance and susceptibility under e[CO2] 
FCR severity correlated significantly with relative Fusarium biomass in glasshouse 
and field experiments. In the AGFACE experiment, variation in the FCR severity and 
relative Fusarium biomass correlation was used to describe FCR resistance and FCR 
susceptibility in the field (chapter 3). Plants sampled at crop maturity stage in the 
2011 season showed greater susceptibility under e[CO2]. An interaction between 
seasonal temperature means and CO2 may have contributed to this significant 
difference between the CO2 treatments in the warmer 2011 season.  
 
The correlation between FCR severity and relative Fusarium biomass showed 
significant variation attributed to genotype at soft dough sampling stage (chapter 3), a 
result which complements findings by Hogg et al. (2007). Hogg et al. (2007) used this 
correlation to show pathogen colonisation could be correlated to FCR severity and 
yield loss. However variation in the correlation due to genotype and other residual 
factors, such as infection by pathogenic Fusaria other than F.pseudograminerum, 
was cited as possible reasons why pathogen biomass prediction from symptoms was 
unsuitable. The AGFACE experiment showed that by sampling at soft dough stage 
relative Fusarium biomass was more accurately predicted from FCR severity. 
However other findings in chapter 3 shows CO2 and season could also influence the 
prediction of relative Fusarium biomass from FCR severity (Chapter 3). If the extent 
of pathogen colonisation could be more accurately predicted from assessing FCR 
severity, growers may be able to make more informed judgment calls on 
implementing FCR inoculum reduction strategies to limit inoculum survival during the 
non-cropping season. FCR management strategies such as crop rotation and tilling 
the soil after harvest to maximise stubble breakdown are currently the primary 
method used to minimise FCR inoculum between seasons (Backhouse, 2006, Evans 
et al., 2010).  
 
The correlation of FCR severity and relative Fusarium biomass raises discussion for 
the process of FCR symptom manifestation in plants. Chapter 4 shows the 
concentration of DON correlates very well with FCR severity, which is consistent with 
Isebaert et al. (2009) other studies have also implied that DON is partially responsible 
for FCR symptom development (Desmond et al., 2008, Stephens et al., 2008). A 
study by Mudge et al. (2006) showed a F. graminearum TRI5 mutant, which has 
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been altered to not produce DON, showed similar symptoms to the wild type, leading 
to the conclusion that DON is not the primary cause of necrosis. Stephens et al. 
(2008) subsequently showed a time delay in FCR symptom expression manifestation 
when correlating FCR severity to relative Fusarium biomass in seedlings. A 
hypothesis was proposed that the delay was due to DON expression and as such 
maybe responsible, in part, for variation in the correlation between DON and FCR 
severity. Desmond et al. (2008) has since shown that DON is likely to trigger the 
production of ‘reactive oxygen species’, which in sufficient quantities, triggers cell 
death and the characteristic necrosis associated with FCR symptoms. 
 
6.7  Crop productivity of FCR infected wheat under e[CO2] 
Plants grown under e[CO2] in all experiments were more productive compared to 
a[CO2] treatments, where crop productivity was measured. In the glasshouse the 
plants contained greater plant biomass and plants sampled from AGFACE contained 
higher grain weights. FCR severity and relative Fusarium biomass were negatively 
correlated with plant biomass and grain weights equally between CO2 treatments, 
except in the 2011 AGFACE season where grain weights in plants grown under 
e[CO2] showed a greater loss due to FCR severity compared to a[CO2]. In the 
glasshouse, plants grown in the e[CO2] with warm temperature environment showed 
a reduction in plant biomass compared to a[CO2] with cool temperatures.  
 
FCR inoculated plants sampled from the e[CO2] with warm temperature glasshouse 
environment on average also showed higher plant biomass compared to non-
inoculated plants. Furthermore FCR severity could not be correlated to a loss in plant 
biomass in this environment. There may be several explanations for these interesting 
results; FCR pathogen infection in e[CO2] with warm temperature environment may 
be less detrimental to the host, or the presence of the pathogen may still prime plant 
hormone responses which can also mitigate abiotic stress. The warmer temperatures 
in this environment may also be activating temperature dependent resistance, which 
may explain the slower relative Fusarium biomass advance between sampling stages 
anthesis and soft dough (Figure 2.5). Temperature dependent adult plant resistance 
genes have previously been identified for stripe rust in wheat (Uauy et al., 2005). A 
similar response to FCR host plants grown under warmer temperatures might be 
occurring in wheat. Previous work has not investigated a complete temperature range 
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to identify FCR severity and relative Fusarium optimum growth temperatures, there 
would be value in work that seeks to understand the extent of non-optimal FCR 
temperature ranges and if e[CO2] may shift FCR temperature optima or expand the 
temperature range. Variation should be expected between Fusarium species and 
accounted for in experimental design. AGFACE studies would be ideal for 
investigating Fusarium temperature optima, however more than two seasons need to 
be undertaken to obtain a sufficient temperature range.  
 
6.8  The effect of seasonal variation on crown rot under e[CO2] at AGFACE 
Variation in FCR measurements between trials may have been influenced by several 
factors; temperature, humidity, water availability, wind feedback and more intense 
solar radiation to name a few. Natural field inoculum may have contributed to the 
variation in FCR incidence on genotypes between experiments, despite seed in the 
AGFACE trial being treated with a pathogenic isolate of Fusarium 
pseudograminearum prior to planting. Field trials, more often than not, present 
variables that cannot be tightly controlled as in the glasshouse or CEF and therefore 
play an important role in agricultural research.   
 
6.9  FCR pathogen dynamics under continuous cropping. 
The continuous cropping experiment in chapter 5 showed FCR aggressiveness of 
pathogenic F. pseudograminearum and F. culmorum increased over five successive 
cropping cycles irrespective of CO2 treatment. Host genotype was a significant factor 
affecting the selection of aggressive isolates over repeated cropping cycles. Meaning 
selection of wheat genotypes for growing in the future will be important to limit the 
occurrence of highly aggressive fungal strains. Whitehead incidence in susceptible 
genotype Tamaroi increased over the six cropping cycles, while partially resistant 
genotype 2-49 was unaffected by e[CO2] treatment over the successive cycles. FCR 
severity on Tamaroi showing induced partial resistance in the initial cycles however 
any resistance gain was quickly lost in successive continuous cropping cycles. 
Therefore it is unlikely any induced resistance gained by e[CO2] treatment, as seen in 
the glasshouse and CEF experiments, will be sustained over repeated cropping 
under future e[CO2] climate. Managing FCR by rotation and alternating resistant 
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genotypes under the future climate will still be important strategy mitigating yield loss 
due to FCR. 
 
Novel FCR inoculum management, such as biocontrol agents, may provide useful 
solutions in the future, previous studies have shown displacement of some Fusarium 
species on crop stubble, therefore potentially limiting or reducing the carryover of 
inoculum to the subsequent season (Singh et al., 2009). Temperature and moisture 
interactions were shown to influence the effectiveness of such biocontrol agents, 
however there has been no assessment for the effect of e[CO2] on biocontrols. 
Although not tested in the above chapters, saprophytic potential of Fusarium 
pseudograminearum growing on straw under e[CO2] was previously shown by Melloy 
et al. (2010) not to change between CO2 treatments. Soil micro-environments contain 
CO2 concentrations well above future estimated atmospheric concentrations and 
therefore it is unlikely e[CO2] will directly affect the effectiveness of biocontrol agents 
or the saprophytic survival of pathogenic Fusarium spp. 
 
6.10  Conclusion 
Overall the work presented in this thesis addressed the three aims. Host and 
pathogen interactions, described by changes in FCR incidence, FCR severity, 
relative Fusarium biomass, toxigenic potential and plant productivity, were shown to 
be influenced by e[CO2] and temperature and host growth stage. FCR incidence, as 
measured by proportion of tillers showing symptoms, showed a genotype dependent 
response to e[CO2] treatments in the glasshouse and field. FCR susceptibility 
showed a seasonal and crop maturity stage dependent response to e[CO2]. 
Increased FCR susceptibility in the mature plants sampled from e[CO2] treatments in 
the warmer 2011 AGFACE season were accompanied by a lower average FCR 
tolerance; grain weight losses attributed to FCR severity were greater at in the e[CO2] 
treatments compared to a[CO2] of this sampling stage. Host genotype was shown to 
influence host and pathogen interactions under e[CO2] in initial cycles of the 
continuous wheat cropping experiment. Subsequent growth cycles showed an 
increase in white head incidence on susceptible genotype Tamaroi in e[CO2] and that 
e[CO2] induced resistance was unstable over multiple cropping cycles where 
inoculum is retained by minimal till. Pathogenic species, F.pseudograminearum and 
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F.culmorum increased in frequency in the continuous cropping experiment over 
weakly pathogenic species regardless of CO2 treatment. 
 
Overall this work shows crown rot will become more problematic for growers in the 
future under e[CO2] and a changing climate. Some possibilities are outlined in this 
thesis which may assist plant breeders to identify and improve resistance and 
susceptibility to FCR with the goal of mitigating subsequent grain yield loss. However 
on farm management decisions will remain a vital technique to reducing the impact of 
the disease on food security in a future with elevated CO2 and warmer temperatures. 
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